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INTRODUCTION

A novel TGFP3 receptor-interacting protein, termed km23, has been cloned from a highly
TGFI3-sensitive rat intestinal epithelial cell line (IEC4-1) using phosphorylated
intracellular portions of TGFP receptor I and receptor II (TP3RI & TI3RII) (Tang et al,
2002). This 1 1-kDa cytoplasmic protein is the mammalian homologue of the LC7 family
of dynein light chains (DLCs). km23 is ubiquitously expressed in human tissues and
highly conserved among different species (Jin et al, 2004). km23 interacts with the
TGFP receptor complex through TPRII, and it can be phosphorylated on serine residues
after ligand binding. km23 interacts with Smad2 both in vitro and in vivo and is co-
localized with Smad2 prior to the nuclear translocation of Smad2 (Jin et al, 2004).
Forced expression of km23 induces specific TGFI3 responses, including an activation of
c-Jun N-terminal kinase (JNK), a phosphorylation of c-Jun, and an inhibition of cell
growth. Moreover, TGFP3 induces the recruitment of km23 to the intermediate chain of
dynein (DIC) (Tang et al, 2002; Yue et al, 2004). The kinase activity of TI3RII is required
for both km23 phosphorylation and its interaction with DIC. Furthermore, we have
identified alterations in TGFP-resistant human ovarian cancer cell lines and in ovarian
cancer patients (Ding and Mulder, 2004; Mulder, 2004). The alterations occur at
precise locations in km23, which appear to modify km23 functions (Ding et al, 2004;
Ilangovan, et al, 2004). Thus, km23 appears to be a novel TGF3 signaling target for the
development of anti-cancer diagnostics and therapeutics.

BODY

With regard to Task 1 in the Statement of Work (SOW), we have completed sub-tasks
a-f and h, and are working on sub-task g. We are also currently addressing some
aspects of Task 2, and have included an additional technology (siRNA approaches; Liu
et al, 2004) to delineate the biological significance of km23 in TGFI3 signaling, as
described in Task 2. Thus, we have partially addressed sub-tasks b, c, and g from Task
2. Under sub-task 2g, we have so far examined the ARE and phTG5 TGFP3-specific
reporters. The work from these Tasks can be summarized by the following abstracts.

Requirement of km23 for TGF 13-mediated growth inhibition and induction of
fibronectin expression. (Qunyan Jin, Wei Ding, Cory M. Staub, Guofeng Gao, Qian
Tang, and Kathleen M. Mulder, Submitted, 2004).

We previously identified km23 as a novel TGFI3 receptor-interacting protein.
Here we show that km23 is ubiquitously expressed in human tissues and that cell-type
specific differences in endogenous km23 protein expression exist. In addition, we
demonstrate that the phosphorylation of km23 is TGFI3-dependent, in that EGF was
unable to phosphorylate km23. Further, the kinase activity of both TGFI3 receptors
appears to play a role in the TGFP-mediated phosphorylation of km23, although RII
kinase activity is absolutely required for km23 phosphorylation. Forced expression of
km23 induces specific TGFI3 responses, including an activation of c-Jun N-terminal
kinase (JNK), a phosphorylation of c-Jun, and an inhibition of cell growth. Moreover,
TGFP3 induces the recruitment of km23 to the intermediate chain of dynein (DIC). The
kinase activity of TIPRII is required for both km23 phosphorylation and its interaction with
DIC. Blockade of km23 using small interfering RNA (siRNA) significantly decreased key
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TGFI3 responses, including induction of fibronectin expression and inhibition of cell
growth. Thus, our results demonstrate that km23 is required for TGFP3 induction of
fibronectin expression and is necessary, but not sufficient, for TGFO3-mediated growth
inhibition.

Requirement of km23 in a Smad2-dependent TGF3 signaling pathway. (Qunyan
Jin, Wei Ding, and Kathleen M. Mulder, Submitted, 2004).

We have identified km23 as a novel TGFP3 receptor-interacting protein that is also
a light chain of the motor protein dynein. Here we show that km23 is co-localized with
the TGFI3 signaling component Smad2 at early time periods after TGFI3 treatment of
epithelial cells, prior to translocation of Smad2 to the nucleus. km23 interacts with
Smad2, but not Smad3, in both immunoprecipitation/blot and GST pull-down assays.
More significantly, km23 interacts with Smad2 once it has been phosphorylated by
constitutively active RI in vivo. Further, blockade of km23 using siRNA significantly
reduced several TGFP signaling events important for growth inhibition, namely the
levels of phosphorylated Smad2, nuclear translocation of Smad2, and TGFj-dependent
Smad2 transcriptional activation (ARE reporter activity). Our findings demonstrate that
km23 is required for Smad2-dependent TGFP3 signaling events.

No studies have yet been performed related to Task 3. However, progress has also
been made on portions of Tasks 4 and 5. For example, we have addressed sub-tasks
4a-d, f, and h. We have found that we can use RT-PCR to analyze the tumor tissue
samples, but that PCR analysis of DNA does not reveal the alterations. These results
indicate that the alterations occur at the RNA level, suggesting that the defects occur as
a result of RNA splicing or editing abnormalities. These types of alterations have been
shown previously to contribute to cancer initiation or progression, but for cancer types
other than ovarian. With regard to Task 5, we have addressed sub-tasks a-c, and have
concluded that RNA, and not DNA, must be analyzed in the serum as well. The
following abstract addresses aspects of these tasks.

A TGFI3 receptor-interacting protein frequently mutated in epithelial ovarian
cancer. (Wei Ding, Eileen M. Estes, Virginia Espina, Lance A. Liotta, and Kathleen M.
Mulder, Submitted, 2004).

Ovarian carcinomas, particularly recurrent forms, are frequently resistant to
transforming growth factor (TGF)-13-mediated growth inhibition. Mutations in the TGFP
receptor I and receptor II (TI3R-I and TI3R-II) genes were only reported in a minority of
ovarian carcinomas, suggesting that other alterations in TGFP signaling components
may play an important role in the loss of TGFP3 responsiveness. Using laser-capture
microdissection (LCM) and a nested reverse-transcription polymerase chain reaction
(RT-PCR), we found that km23, which interacts with the TGFI3 receptor complex, is
altered at a high frequency in human ovarian carcinoma cell lines and tissues. A novel
form of km23, missing exon 3, was found in two out of six ovarian cancer cell lines, as
well as in two out of nineteen tumor tissues from patients with ovarian cancer. In
addition to this alteration, a stop codon mutation (TAA-CAC) was detected in two
patients. This alteration results in an elongated protein, encoding 107 amino-acid
residues, instead of the wild type 96-amino acid form of km23. Furthermore, five
missense mutations (T381, S55G, T56S, 189V, and V90A) were detected in four
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patients, providing a total alteration rate of 42.1% (8 out of 19 cases) in ovarian cancer.
No km23 alterations were detected in 15 normal tissues. Such a high alteration rate in
ovarian cancer suggests that km23 may play an important role in either TGF3
resistance or tumor progression in this disease. Functional studies indicate that both
the truncated and elongated forms of km23 had diminished binding with the dynein
intermediate chain (DIC) in vitro, and that the latter alteration also dose-dependently
inhibited Smad2-mediated activin responsive element (ARE) promoter reporter activity.
Thus, the alterations we have found in human ovarian cancer result in aberrant TGFP
signaling.

KEY RESEARCH ACCOMPLISHMENTS:

* We have extensive functional data to demonstrate that km23 is an important
component of TGFP signaling pathways.

" We also have functional data to indicate that km23 is an important component of
the cell's motor machinery, responsible for moving TGFI3 signaling components
to their appropriate destinations in the cell.

* km23 interacts with the TGFP signaling component Smad2 in two different
biochemical assays, and under in vivo conditions. km23 is also co-localized with
Smad2 at very early time points (i.e., within 2 min) after TGFI3 addition to cells,
prior to the nuclear translocation of Smad2.

" km23 is required for Smad2-specific TGFP signaling events such as ligand-
dependent Smad2 phosphorylation, nuclear translocation, and transcriptional
regulation.

" km23 alterations occur in human ovarian cancer at specific sites that are critical
for the cellular functions of km23. The alterations appear to occur at a high
frequency in human ovarian cancer.

* We have validated km23 as a critical anti-cancer therapeutic target using siRNA
approaches, and are in the process of assessing its validity as a diagnostic
reagent.

REPORTABLE OUTCOMES:

Publications:
Yue J, Sun B, Liu G, Mulder KM. Requirement of TGFP3 receptor-dependent activation
of c-Jun N-terminal kinases (JNKs)/Stress-activated protein kinases (Sapks) for TGFI3
up-regulation of the urokinase-type plasminogen activator receptor. J. Cel. Physiol.
199: 284-292, 2004.
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Ding, W. and Mulder, K.M. km23: A novel TGFP signaling target altered in ovarian
cancer. In Molecular Targeting and Signal Transduction. Molecular Therapeutics.
Ed, Kumar, R. Kluwer Academic Publishers, Cancer Treatment and Research Book
Series. Chap. 15, 315-327, 2004.

Abstracts:
Jin Q, MD, Ding W, MD, PhD, Staub CM, Gao G, MD, Mulder KM, PhD. A novel target
for the development of anti-cancer diagnostics and therapeutics. Innoventure 2003,
Hershey, PA, May 2, 2003.

Jin Q, Ding W, Staub CM, Gao G, Tang Q, Mulder KM. A TGF-13 receptor-interacting
protein frequently mutated in epithelial ovarian cancer. AACR Annual Meeting,
Washington, DC, July 2003.

Liu G, Ding W, Zehner G, Jin, Q, Mulder KM. c-Fos plays a Critical Role in TGFPI
Promoter AP-1 binding and transactivation in human carcinoma cells. AACR Annual
Meeting, March, 2004.

Invited Speaker:
Seminar at the University of Texas, San Antonio, TX, 2003
Presentation at the AACR Annual Meeting, Washington, DC, 2003
Seminar for Penn State College of Medicine IBIOS Program, 2003
Seminar at Fox Chase Cancer Center, Philadelphia, PA, 2004
Seminar at H. Lee Moffitt Cancer Center and Research Institute, Tampa, FL, 2004

CONCLUSIONS

1. The phosphorylated, activated cytoplasmic domains of the TGFP receptors were
used as probes to screen an expression library that was prepared from a highly
TGFP-responsive intestinal epithelial cell line.

2. The TGFP receptor-interacting protein km23 was isolated and identified to be a light
chain of the motor protein dynein.

3. km23 interacts with endogenous TGFP receptors and TGFP stimulates this

interaction.

4. TGFP receptor activation results in phosphorylation of km23 on serine residues.

5. The kinase activity of TGFIP receptor RII is required for phosphorylation of km23.

6. Forced expression of km23 mediates TGFP signaling and TGFP responses:
Activation of JNK, phosphorylation of c-Jun, and inhibition of cell growth.
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7. Blockade of km23 expression using siRNA led to a reduction in the ability of TGFI3 to
inhibit DNA synthesis; km23 was necessary but not sufficient for mediating TGFI3
growth inhibition.

8. The km23 members comprise a distinct family within the larger superfamily of robl-
like/LC7/bxd-like members; the km23 family appears to function as TGF3 signaling
components.

9. km23 is the human homologue of the Drosophila protein robl; defects in robl result in
an increase in mitotic index and accumulation of cargoes inside cells.

10.TGFI3 induces the interaction of km23 with the dynein intermediate chain (DIC)

within 2 min of TGFP3 addition.

11.The kinase activity of TGFP receptor RII is required for km23 interaction with DIC.

12. km23 interacts with Smad2 in both GST pull-down and IP/blot analyses.

13. km23 is co-localized with Smad2 at early times after TGFI3 addition to cells (before
nuclear translocation of Smad2).

14. km23 displays a punctate staining pattern after TGFP receptor activation, similar to
TGFP3 RII and Smad2, indicating it is associated with vesicular compartments.

15. Blockade of endogenous km23 using siRNA results in a decrease in TGF3-
dependent Smad2 phosphorylation, translocation, and regulation of transcription.

16.We have developed a highly sensitive and specific assay to detect genetic
alterations in km23 in cancer patient tissues by combining two micro-scale
technologies -- LCM and nested RT-PCR.

17.Various mutations in km23 were detected in tumors from 8 out of 19 ovarian cancer
patients, providing a total km23 alteration rate of 42%. These mutations were not
present in tumor-free tissue groups.

18. In GST pull-down assays, the truncated form of km23 displays a weaker interaction
with the DIC than does wild-type km23, suggesting that mutations in km23 may
block the intracellular transport of TGFI3 signaling components, thereby altering
TGFP responses.

19.Altered forms of km23 in ovarian cancer patients also reduce TGFP- and Smad2-
dependent transcriptional activation events.

SO WHAT SECTION:

Our results provide the first demonstration of a link between cytoplasmic dynein
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and a natural, growth inhibitory cytokine.

* km23 appears to specify the signaling intermediates that are transported along
microtubules by the dynein motor after TGFP receptor activation.

km23 appears to be a motor receptor important for transporting TGFI3 signaling
components to their cellular sites of action, thereby maximizing the efficiency of
signal propagation and maintaining signal specificity.

* km23 represents a novel target for the development of ovarian cancer
diagnostics and therapeutics.

km23 appears to function as a tumor suppressor, blocking cancer cell growth
under normal conditions. In contrast, km23 alterations in human ovarian cancer
abrogate the tumor suppressive function of km23.

Several therapeutic approaches have been employed to repair or replace the
loss of tumor suppressor protein functions (i.e., gene therapy approaches,
blockade of binding proteins, etc); these are also applicable to km23.

* Pharmacological screens are underway to identify novel agents that can restore
the normal functions of km23, or replace the altered forms/functions of km23.
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km23: A NOVEL TGFP SIGNALING TARGET
ALTERED IN OVARIAN CANCER

WEI DING AND KATHLEEN M. MULDER

1. INTRODUCTION

Transforming growth factor 03 superfamily members play a pivotal role in
almost every aspect of cellular and tissue activities, including cell cycle
control, regulation of early embryonic development, cell differentiation, cell
motility, extracellular matrix formation, angiogenesis, and induction of
apoptosis [1, 2].

TGFP3 has been shown to initiate at least two prominent signaling
cascades, the Smad and the Ras/ MAPK pathways, to regulate cellular and
tissue activities [2]. In the Smad pathway, TGFP3 binds to TP3RII and recruits
Tf3RI into a heterotetrameric complex, resulting in transphosphorylation of
TP3RI in the GS-domain by T3RII [3, 4]. Phosphorylated Smad2 and/or
Smad3 by activated TP3RI form(s) a heteromeric complex with Smad4 and
enter(s) the nucleus to regulate gene transcription [1, 2, 5]. As we first
demonstrated, TGFP3 can activate the Ras/MAPK pathways in TGFP-sensitive
epithelial cells [6, 7, 8, 9]. Three members of this family, including the
extracellular signal-regulated kinases (ERKs), c-Jun N-terminal kinases
(JNKs)/stress-activated protein kinases (SAPKs), and p38, can be activated by
TGFP3 in a wide variety of cell types [2]. These pathways have been shown to
be required for several of the major TGFP3 responses, including growth
inhibition, production of TGF[31, and induction of fibronectin [1, 2, 10].

In addition to the Smad and Ras/MAPK pathways, various proteins have
been identified based upon their interaction with the TPRs and/or Smads.
Smad anchor for receptor activation (SARA) and hepatic growth factor-
regulated tyrosine kinase substrate (Hgs/Hrs) have been shown to facilitate
Smad2/3 recruitment to the activated T3RI/activin receptor I (ActRi) [11, 12].
Disabled-2 (Dab-2) is an adaptor protein that can bind TP3Rs and
Smad2/Smad3 to bridge the TPR complex to the Smad pathway [13]. Serine-
#hreonine kinase receptor-associated protein (STRAP) recruits Smad7 to
activated TP3RI and forms a complex. The complex stabilizes the association
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between Smad7 and the activated receptor, thereby blocking Smad2/3-
mediated transcriptional activation [14]. The irmmunophilin FK506 binding
protein 12 (FKBP12) functions as an inhibitor of Tf3RI by binding to the
ligand-free form. FKBP12 is released upon ligand-induced, TP3RII-mediated
phosphorylation of Tf3RI [15]. _GF3-receptor interacting protein-i (TRIP-I)
associates with Tf3RII in a kinase-dependent manner, but does not interact
with the type II activin receptor or TP3RI. It does, however, associate with the
heteromeric TGFP3 receptor complex (16). Death-associated protein (Daxx)
interacts with the cytoplasmic domain of TP3RII and also associates with the
Fas receptor, which mediates activation of JNK and programmed cell death
[17]. TGFP3 receptor I-associated protein-1 (TRAP-i) only interacts with
Tf3RI that has been activated through mutation or ligand binding. In the
absence of TGF3, TRAP-1 will not interact with wild-type TP3RI [18].
TRAP-i-like protein (TLP) has been identified to interact with both active
and kinase-deficient T3Rs and activin type II receptors, but interacts with the
common-mediator Smad4 only in the presence of TGF3Eactivin signaling
[19].

Herein, we describe a novel TGF3 receptor-interacting protein, termed
ki23. This protein is the mammalian homologue of the LC7 family of DLCs
[20]. TGFP3 stimulates not only the phosphorylation of kmi23, but also the
recruitment of km23 to the DIC. Kinase-active T3Rs are required for kin23
phosphorylation and interaction with DIC [20]. We also demonstrate that
krn23 interacts with Smad2 both in vitro and in vivo, and it co-localizes with
Smad2 in the cytoplasm at very early time points after Tf3R activation.
Moreover, km23 can mediate specific TGF3 responses, including JNK
activation, c-Jun phosphorylation, and growth inhibition [20]. Furthermore,
we have identified altered forms of km23 both in TGFP3-resistant human
ovarian cancer cell lines and in cancer tissues from ovarian cancer patients.
Our data suggest that these alterations in ki23 may modify ki23 functions in
TGF3 signaling and tumorgenesis.

2. CLONING OF km23 IN A HIGHLY TGFP-
RESPONSIVE RAT EPITHELIAL CELL LINE

We have developed a novel method for the identification of TGF3 receptor-
interacting proteins [20]. The intracellular portions both of TPRI and T3RII
were expressed in E. coli, purified by affinity chromatography, and
phosphorylated by in vitro kinase assays. These activated cytoplasmic
domains of the T[Rs were used as probes to screen an expression protein
library prepared from a highly TGF3-responsive rat intestinal epithelial IEC4-
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1 cell line [21].- Several positive clones were isolated using this method.
Among these clones, km23 was the most interesting because it is also a
homologue of the regulatory region of the Drosophila's Ultrabithorax (Ubx)
unit, through which transcription can be activated by one of the TGFP3
superfamily members, Dpp. It was conceivable that km23 might be an
important intermediate in a TGFP signaling pathway.

3. GENE STRUCTURE AND HOMOLOGY
OF HUMAN km23

Human kln23 is a 96-amino acid protein encoded by a 291-base pair open
reading frame. kin23 is localized on human chromosome 20 (20 ql 1.21) and
is composed of 4 exons. Northern blots have shown that km23 is ubiquitously
expressed, with higher levels of message detected in brain, kidney, and
placenta tissues. Western blots have indicated km23 is an 11 -kDa
cytoplasmic protein. The human and rat km23 amino acid sequences differ by
only three amino acids and show 98% similarity. Additional alignments of
human km23 with sequences in the National Center for Biotechnology
Information database indicate that krn23 is also the mammalian homologue of
the Chlamydomonas LC7 class of DLCs. It is relatively conserved across
different species, including Chlamydomonas (ch/LC7, 74% similarity),
Drosophila (robl gene, 82% similarity), Caenorhabditis elegans (T24H10.6
gene, 76% similarity), and Danio Rerio (ZFIN gene, 93% similarity).
Another mammalian form of kin23 has been identified, termed km23-2.
Human km23-2 localizes to chromosome 16 (16 q23.3), can be translated into
a 96-amino acid protein, and displays 70% homology and 91% similarity with
human km23. The rat and mouse forms of km23-2 display 71% homology
and 91% similarity with human km23.

4. km23 DIRECTLY INTERACTS WITH
TH, BUT NOT WITH TI3RI ALONE

Since km23 was isolated using activated intracellular regions of Tj3RI and
T3RII, it was of interest to verify this interaction in vivo. 125I-TGFP cross-
linking assays indicated that both TP3RI and TPRII were present in km23
immunocomplexes. Also, TGFf3 induced the interaction of TPRII with km23 in
two epithelial cell lines at early times after TGFP3 addition. The results of'
immunoprecipitation/blot (IP/blot) assays in either direction indicated that km23
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can interact with TP3RII and with the TGFP3 receptor complex, but that TP3RI
may not be a direct binding partner of km23 [20].

5. km23 PHOSPHORYLATION

km23 can be phosphorylated when both TP3RI and T3RII are expressed in
293T cells, but it is not constitutively phosphorylated when expressed alone.
krn23 could not be phosphorylated by kinase-deficient (KN) RE when it was
co-expressed with wild-type (wt) RI, suggesting that the kinase activity of
T3RI is required for km23 phosphorylation. In contrast, km23 could still be
phosphorylated after co-expression of wt RI and KN-RI, suggesting that the
RI kinase does not directly phosphorylate krn23. In support of this finding,
km23 was also not phosphorylated when a kinase active RI mutant (T204D)
was expressed alone. Thus, the mechanism for the phosphorylation of km23
differs from that of the R-Smads [22]. Collectively, our results strongly
suggest that although both RI and RII are present in the complex with km23,
the RU kinase is the primary mediator of km23 phosphorylation. The kinase
activity of RI does appear to play some role in km23 phosphorylation,
however, since expression of KN-RI with wt RII reduced the level of
phosphorylation relative to that observed after expression of RE alone.

PKC PKC

T L K R L Q] Q K G V Q 18

CKII

19 G I I V V N T E G I P I K W T M D N 36

4 exon 3

37 P T T T Q Y A S L M H S F I L K A R 54

PKA/PKC/CKII

5Sf-T V R D I D P Q N D L T F L R I R 72

PKA/PKC

73[ K K7 N E I M V A P D K D Y F L I V 90

exon 3

91 I Q N P T E

Figure 1. Human km23 sequence depicting expected phosphorylation sites. Potential
phosphorylation sites for PKA,. PKC, and CKII were predicted using PhosphoBase v. 2.0 and
NetPhos 2.0 [24]. For these sites, prediction scores for serine and threonine were all over 0.91.
Four serine residues that are conserved among the mammalian km23 forms are boxed. Exon 3
of km23 contains three potential phosphorylation sites for PKA, PKC, and/or CKI.
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Phosphoamino acid analysis indicated that km23 is phosphorylated primarily
on serine residues in response to TGFP3 receptor activation [20]. This finding
is in keeping with the known serine-threonine kinase specificity of the T[3Rs
[1, 2, 22]. In contrast, epidermal growth factor (EGF), known to
phosphorylate many downstream targets on tyrosine residues after receptor
activation [23], could not phosphorylate km23.

km23 also contains several potential phosphorylation sites for a variety
of other kinases, including protein kinase A (PKA), protein kinase C (PKC),
and/or casein kinase II (CKII) predicted by PhosphoBase v. 2.0 and NetPhos
2.0 [24]. Among the serine residues, four are conserved between the human
and rat forms (Fig. 1).

6. ACTIVATION OF JNK AND
PHOSPHORYLATION OF c-Jun

Since our data indicate that km23 may function as a signaling intermediate for
TGFP3, it was of interest to investigate whether km23 could mediate any of the
known TGFP3 signaling events. We have previously reported that TGFP3
rapidly activates the Jun N-terminal kinase (JNK) family of MAPKs [9].
Further, INK activation by TGFP3 appears to play a role in TGFP3-mediated
growth inhibition, either through the amplification of TGFPI production, via
cross-talk with the Smads, and/or by regulation of cell cycle inhibitors [2, 25].
Thus, we examined whether stable expression of km23 could activate JNK as
TGF[3 does. We found that JNK was super-activated in the absence of TGFP3
upon expression of km23 in MvlLu cells [20]. JNK activity was about 15
times greater in the km23-expressing cells than in the empty vector-
expressing cells during an early period after TGFP3 addition. Furthermore,
phospho-c-Jun, a downstream effector of INK, was also super-activated in the
absence of TGFP3 in the same MvlLu cells, compared with cells only stably
expressing the empty vector [20]. These findings suggest that km23 may
function as a signaling intermediate for TGFP3, in a pathway that involves
JNK.

7. RECRUITMENT OF km23 TO DIC

REQUIRESTGFP3 RECEPTOR ACTIVATION

DLCs such as km23 are known to interact with the dynein motor complex
through the DIC [20, 26]. For the DIC termed IC74-1A, the km23/roadblock-
binding domain has been localized to a region spanning amino acids 243 to

___________________________ ______________________
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282 [26]. In contrast, two other DLC families, Tctex-l and DLC8, have been
shown to bind to the same DIC through different binding domains. DLCs are
also known to interact with a diverse array of cargo to exert their diverse
functions. For example, Tctex-1 was found to interact with Doc2 [27] and the
N-terminus of the p59 fyl Src family tyrosine protein kinase [28] to exert
diverse functions. Tctex-1 also can interact directly with the C-terminal tail
of rhodopsin to mediate the transport of the visual pigment to the base of the
connecting cilium within the photoreceptor [29]. Similarly, DLC8 binds to
IC74 and a diverse set of other proteins, such as neuronal nitric-oxide
synthase (nNOS) [30, 31], the proapoptotic Bcl-2 family member Bim [32],
the Drosophila mRNA localization protein Swallow [33], and the rabies virus
P protein [34]. The binding of DLC8 to these diverse proteins occurs at a
conserved GIQVD motif or (K/R)XTQT motif [34, 35, 36].

With regard to the role of the DLC km23 in TGF3 signaling, we have
shown that TGFI3 could rapidly stimulate the recruitment of kmr23 to DIC,
suggesting a connection between TGFP3 signaling and DLC recruitment.
Moreover, the association between km23 and DIC required the kinase activity
of TP3RII, since KN-RII blocked the recruitment of km23 to the DIC [20]. It
is likely that the binding of km23 to the DIC after TGFI3 receptor activation is
important for specifying the nature of the cargo that will be transported along
the MTs. Thus, kin23 may behave similar to the Tctex-1 and DLC8.

8. CO-LOCALIZATION AND INTERACTION
WITH Smad 2 IN VITRO AND IN VIVO

km23 associates with the TGFP3 signal transducer Smad2 both in vitro and in
vivo. In addition, immunofluorescence studies indicate that km23 and Smad2
are co-localized at very early times after TGF[3 addition to cells. However,
once Smad2 has translocated to the nucleus (within 15 min), the two proteins
are no longer co-localized. Since km23 may function as a motor receptor to
recruit TGFP3 signaling components to the dynein motor for intracellular
transport along microtubules (MTs) toward the nucleus, our results suggest
that Smad2 may be one of the cargoes that km23 links to the dynein motor. It
was reported that Smad2 must be translocated to the nucleus prior to its
transcriptional regulation of target genes [37]. Thus, the interaction and co-
localization of Smad2 with km23 may be an early step in Smad2 signaling of
TGFP3 responses. That is, km23 may transport Smad2 in the cytoplasm along
MTs, prior to Smad2 nuclear translocation andtranscriptional regulation.
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9. km23 ALTERATION IN OVARIAN

CANCER TISSUES

Ovarian carcinoma is often diagnosed at an advanced stage and is the leading
cause of death from gynecological neoplasia, accounting for more than 14,000
deaths per year [38]. Overall, the molecular changes that underlie the
initiation and development of this tumor are poorly understood. It has been
reported that more than 75% of ovarian carcinomas are resistant to TGF[,
particularly recurrent ones [39, 40]. As such, the loss of TGFP3
responsiveness may play an important role in the pathogenesis and/or
progression of ovarian cancer.
It has been reported that TGFP31, the TGF3 receptors, and several TGF[3
signaling components (ie, Smad2, Smad4, and Dab-2) are altered in different
types of cancers [1, 2, 13, 25]. Alterations in TPR1I have been identified in
25% of ovarian carcinomas [41], while mutations in T3RI were reported in
33% of such cancers [42]. Loss of function mutations in TGFP1, T3RL and
T3RTI can lead to disruption of TGF3 signaling pathways and subsequent loss
of cell cycle control [41, 42, 43, 44]. However, these alterations only account

for a minority of TGFP3-resistant ovarian carcinomas, suggesting that
other alterations in TGFP3 signaling components may be involved in the
pathogenesis of this type of cancer.

Amino acid Number: 1 2 26 82 96

wt km23

Exon Number: 1 2 3 4

Amino acid Number: 12 26 82 96

trunc kni23

Exon Number: 1 2 4

Exon 3

Figure 2. Amino acid sequence alignment of the truncated form of km23 with the wild-type
form, indicating exon and amino acid sequence numbers. The 27th-81st amino acid residues
have been deleted in the truncated form of km23. This form was detected both in ovarian
tumor cell lines and ovarian cancer patients, resulting in a smaller 41-amino acid peptide.

.1
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In order to investigate whether this novel TGFPL receptor-interacting
protein was altered in human ovarian cancer cells, we analyzed 19 ovarian
carcinoma samples from patients, as well as six ovarian cancer cell lines,
using laser capture micro-dissection (LCM) and nested reverse transcription-
polymerase chain reaction (RT-PCR) strategies. Our data revealed a
truncated form of km23, missing exon 3 of km23, in two ovarian cancer cell
lines (SK-OV-3 and IGROV-1), both of which are resistant to TGFP3 [45, 46].
The same truncated form of km23 was also detected in two out of nineteen
ovarian cancer patients (Fig. 2). As mentioned above, km23 consists of 4
exons, and among them, the third exon is the longest, encoding amino acid
residues 27-81 of kn23. In addition, exon 3 contains three potential
phosphorylation sites for PKA, PKC, and/or CKII (Fig. 1). The loss of these
potential phosphorylation sites in the truncated protein may result in a
disruption of signal transduction.

In Drosophila, a deletion mutant of km23/robl, which lacks portions of
intron 2 and exon 3, displays mitotic defects [473. This alteration is similar to
the truncated form of km23 we identified in the ovarian tumor cell lines and
cancer patients. The mitotic index of the mutant Drosophila hemizygotes was
about five times that of the wt form [47]. In addition, the km23/robl mutant
homozygotes cannot be fully rescued by the genomic or cDNA rescue
constructs, suggesting that this mutation can act in a dominant fashion to
inhibit the action of wt km23/robl [47]. Here we have shown that the wt form
of km23 was still present in the tumor cell lines and in the tumor tissues from
patients, despite the presence of the truncated form. Thus, the alterations in
km23 we have identified here may also act in a dominant fashion in ovarian
tumors. Increases in mitotic index and mitotic defects are commonly
observed in the majority of cancers, including ovarian carcinomas. Thus, the
truncated form of ki23 may play an important role in the formation or
progression of ovarian and other types of tumors.

In addition to the truncated form of kin23 described above, several
missense mutations were identified in the ovarian cancer patients. In two
patients, the stop codon of km23 was altered from TAA to CAC. This
alteration resulted in a lar ger protein, encoding 107 amino-acid residues,
instead of the wt 96-amino acid form of ki23. In addition to this missense
mutation, five other missense mutations, including T38, S55G, T56S, 189V
and V90A, were detected in four other patients.
of the five missense mutations identified, T56S and S55G appeared to be the
most interesting. As mentioned above, there are several potential PKA, PKC,
and/or CKII phosphorylated sites in km23 (Fig. 1). Among them, the
threonine at the 56th amino-acid residue spans a predicted phosphorylation
site for PKA, PKC, and CKI. Mutation of this site may result in disruption
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of signals transduced by these kinases. Further, we have reported that km23
is phosphorylated primarily on serines after activation of TGF[3 receptors
[20]. There are 4 serine residues in km23 that are conserved among the
mammalian forms (boxed in Fig. 1). Among these, three are located in exon
3, including Ser55, which was found to be mutated in one of the ovarian
carcinomas. Thus, this site and/or the other two in exon 3 may be potential
phosphorylation sites modified by TGF3.

10. CONCLUSIONS

km23 is a novel motor receptor found to be linked to a TGFP3 signaling
pathway. Based upon our observations, we have constructed the following
model (Fig. 3). Upon phosphorylation of km23 by TP3Rs, DIC is recruited to
form a motor complex. This complex transports membrane vesicles
containing TGFP signaling components such as Smad2 along the
microtubules to a new vesicular compartment. After reaching the new
compartment, the Smad complex may be translocated to the nucleus for
transcriptional regulation of target genes. At this time point, km23 is no
longer co-localized with Smad2. Future studies are still required to answer
several questions about this novel TGFP3 signaling intermediate. For example,
we would like to identify other cargoes that km23 carries along the MTs. In
addition, it would be of interest to know precisely which serine residues are
phosphorylated by TGF3, as well as what the consequences of
dephosphorylation of these sites may be. Overall, we would like to develop
km23-based cancer diagnostics and therapeutics, since krn23 is altered at such
a high rate in ovarian cancer. km23 most likely plays an important role in
tumorgenesis or tumor progression in at least this type of cancer. Future
studies will reveal whether this is the case for other tumor types as well.

Wei Ding and Kathleen M. Mulder
Department of Pharmacology, Penn State University College of Medicine,
Hershey, Pennsylvania
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Figure 3. km23 transports membrane vesicles containing TGF13 signaling components along
the MTs toward the nucleus. Phosphorylated by ligand binding, the activated TI]RII recruits
and transphosphorylates TP3RI. TO]REI also phosphorylates km23 , which then recruits DIC to
form a motor complex. This complex transports the vesicles containing Smad2 along the
microtubules toward the nucleus. Upon reaching the next compartment, the Smad complex.
may translocate from here to the nucleus for transcriptional regulation of target genes.
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ABSTRACT

We previously identified km23 as a novel receptor-interacting protein. Here we show

that km23 is ubiquitously expressed in human tissues and that cell-type specific

differences in endogenous km23 protein expression exist. In addition, we

demonstrate that the phosphorylation of km23 is TGFP-dependent, in that EGF was

unable to phosphorylate km23. Further, the kinase activity of both TGFP3 receptors

appears to play a role in the TGFI3-mediated phosphorylation of km23, although RII

kinase activity is absolutely required for km23 phosphorylation. Blockade of km23

using small interfering RNA significantly decreased key TGFP responses, including

induction of fibronectin expression and inhibition of cell growth. Thus, our results

demonstrate that km23 is required for TGFP3 induction of fibronectin expression and is

necessary, but not sufficient, for TGFP-mediated growth inhibition.

Abbreviations: TGFP3, transforming growth factor 3; ECM, extracellular matrix; FN,

fibronectin; JNK, c-Jun N-terminal kinases; siRNA, small interfering RNA; MDCK,

Madin Darby canine kidney; Ab, antibody; DIC, dynein intermediate chain; EGF,

Epidermal growth factor; hkm23, human km23
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INTRODUCTION

Transforming growth factor 3 (TGFP3) is the prototype for a family of highly

conserved ubiquitous peptides that show a remarkable diversity in the biological

actions they mediate. These biological responses include effects on cell growth, cell

death, cell differentiation, and the extracellular matrix (ECM) (1-3). TGFP3 is growth

inhibitory for normal cells of endothelial, hematopoietic, neuronal, and epithelial origin

(1, 4-5). However, cancers are often refractory to this growth inhibitory effect, due to

genetic loss of TGFP3 signaling components or, more commonly, perturbation of TGFI3

signaling pathways (1, 4).

TGFP initiates its signals by producing an active tetrameric receptor complex

consisting of RI and RII serine/threonine kinase receptors. After TGFI3 binds to RII, it

transphosphorylates, and thereby activates RI. The active receptor complex then

propagates signals to downstream cellular components and regulatory proteins (2-3,

6). Two primary signaling cascades downstream of the TGFI3 receptors have been

elucidated: the Smads and the Ras/mitogen-activated protein kinase (MAPK)

pathways (1-2, 7). In addition, several TGFP receptor-interacting factors (1) and

Smad-interacting factors (8) have been reported. However, additional TGF3 signaling

components and pathways are likely required to mediate the diverse biological

responses of this polypeptide factor.

Fibronectin (FN), a major component of the ECM, plays important roles in cell

adhesion, migration, growth and differentiation (9-10). TGFP3 is one of the most potent

stimulators of the ECM, and it has been shown to play a significant role in the

3



accumulation of specific ECM components such as FN and collagen (1, 11-12).

Despite the suggestion that Smads play a critical role in TGFI3-mediated responses,

the signaling mechanisms leading to TGFP3-mediated accumulation of ECM proteins

are unclear. For example, Hocevar et al (13) have shown that TGFP can induce FN

synthesis through a c-Jun N-terminal kinase (JNK)-dependent pathway, but that

Smad4 was not involved. In addition, Gooch et al (14) reported that calcineurin was

involved in TGFI3 -mediated regulation of ECM accumulation. It is likely that other

novel TGFI3 signaling intermediates are required for mediating the effects of TGFP3 on

ECM components such as FN.

We have previously identified a novel TGFP receptor-interacting protein that is

also a light chain of the motor protein dynein (15). This TGFI3 signaling intermediate,

termed km23, interacts with the receptor complex through TGFP RII and is

phosphorylated after activation of the TGFI3 receptor complex. Here we show that

km23 is a ubiquitously expressed cytoplasmic protein. Further, TGFI3 mediated a

rapid increase in km23 phosphorylation, and the kinase activity of both receptors

appeared to play a role in this phosphorylation event. Blockade of km23 using small

interfering RNA (siRNA) decreased the ability of TGFP to both inhibit cell growth and

induce FN expression in Madin Darby canine kidney (MDCK) epithelial cells. Our

findings indicate that km23 is a mediator of the growth inhibitory effect of TGFP3 and is

also required for the induction of FN expression by TGF3.
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MATERIALS AND METHODS

Reagents--The anti-Flag M2 (F3165) antibody (Ab) and mouse IgG were from Sigma-

Aldrich (St. Louis, MO). The anti-dynein intermediate chain (DIC) monoclonal Ab

(MAB1618) and anti-Lamin A/C Ab (MAB321 1) were from Chemicon (Temecula, CA).

The rabbit IgG was from Santa Cruz Biotechnology, Inc. (Santa Cruz, CA). The anti-FN

Ab (610078) was from BD Biosciences Transduction Laboratories (Palo Alto, CA).

Protein A or G agarose were purchased from Invitrogen (Carlsbad, CA). 3P-

orthophosphate (NEX-053) was from PerkinElmer Life Sciences (Boston, MA). TGFP3

was purchased from R & D Systems (Minneapolis, MN). Epidermal growth factor

(EGF) was purchased from Upstate Cell Signaling Solutions (Lake Placid, NY).

Lipofectamine 2000 (11668-019) was from Invitrogen (Carlsbad, CA).

Antibody production--The rabbit km23 anti-serum was prepared against the

following sequence: GIPIKSTMDNPTTTQYA (corresponding to amino acids 27-43) of

human km23 (hkm23) (Strategic BioSolutions, Newark, DE, or Covance Reseach

Products, Inc., Denver, PA). Each company also provided pre-immune serum.

Cell culture--MvlLu (CCL-64), 293 (CRL-1 573), and COS-1 (CRL-1650) cells were

purchased from American Type Culture Collection (Manassas, VA) and were grown in

DMEM supplemented with 10% FBS. MDCK cells (CCL-34) and HepG2 cells (HB-

8065) were also obtained from ATCC and were grown in MEM-a supplemented with

10% FBS. 293T cells were obtained from T-W. Wong (Bristol-Myers Squibb,

Princeton, NJ) and were maintained as for 293 cells. OVCA 433 cells were obtained

from R.C. Bast Jr. (M.D. Anderson Cancer Center, Houston, TX) and were maintained
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in MEM supplemented with 10% FBS. FET cells were maintained as described

previously (16). Cultures were routinely screened for mycoplasma using Hoechst

33258 staining.

Transient transfections, IP/blot, Westerns, and In vivo phosphorylation assays--

were performed essentially as described previously (13, 15, 17-19).

siRNA -- km23 siRNA used in [3H]thymidine incorporation assays was purchased

from Dharmacon Research (Lafayette, CO). The double-stranded km23 siRNA

corresponded to nucleotides 77-97 of the hkm23 coding region (5'-

AAGGCATTCCCATCAAGAGCA-3'). siRNA was transfected using Oligofectamine

(12252-011; Invitrogen).

siRNA plasmid constructs-- Human km23 hairpin siRNA was cloned into the

pSilencer U6-1.0 vector containing the RNA polymerase III U6 promotor (Ambion,

Austin, TX, Cat# 7208) after linearization with Apa I and EcoR I. The sense strand of

the hairpin km23 siRNA-1 corresponded to nucleotides 230-250 of the km23 coding

region (5'-AAA-IATGGTTGCACCAGATA-3'). The sense strand of hairpin km23

siRNA-2 corresponded to nucleotides 130-150 of the km23 coding region (5'-

CCTCATGCACAACTTCATC-3'). km23 siRNA-1 and km23 siRNA-2 plasmids were

transfected using Lipofectamine 2000 reagent for the FN experiments.

Cellular fractionation--The NE-PER Nuclear and Cytoplasmic Extraction Reagent kit

(78833; Pierce, Rockford, IL) was used to fractionate Mvl Lu cells according to the

manufacturer's protocol.

Growth assays--The TGFP growth inhibitory responsiveness of the cells was

assessed by [3H]thymidine incorporation assays, performed as described (20).
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Statistical analyses--A Student's t-test was used to determine the level of statistical

significance of the decrease in [3H]thymidine incorporation by TGFP3 between km23

siRNA-transfected and control-transfected MDCK cells.
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RESULTS

We have demonstrated previously that km23 is a novel TGFI3 receptor-

interacting protein that is also a light chain of the motor protein dynein (15). As

indicated in Fig. 1, hkm23 is very similar to the Danio Rerio (Zebrafish) ZFIN (80%

identity or 93% similarity), Drosophila robl (68% identity or 82% similarity), and

Chlamydomonas LC7 (55% identity or 81% similarity) sequences. In addition, a

counterpart of km23 in Caenorhabditis elegans (T24H10.6) displays 56% homology

to hkm23, and the predicted protein would be 76% similar. In contrast, hkm23

displays 71% similarity to Spermatozopsis B15 (21), 54% similarity to Drosophila

bithoraxoid (bxd), and only 33% homology (predicted protein would be 32% similar) to

Leishmania LMAJFV1 (22). The single-celled flagellar parasite Leishmania is an

animal-like, Protozoan form of Protista, the Kingdom that also includes plant-like

forms of green algae, such as Chlamydomonas and Spermatozopsis. Thus, km23

displays a considerable degree of conservation across different Kingdoms and Phyla.

In order to determine the tissue distribution of hkm23, we performed Northern

blot analysis using a human tissue blot obtained from BD Biosciences Clontech.

km23 was ubiquitously expressed, with a calculated hkm23-1 mRNA size of

approximately 0.7 kb (data not shown). Similarly, it was of interest to determine

whether the km23 protein was expressed in different cell types. In order to proceed

with these studies, we developed a polyclonal anti-serum against amino acids 27-43

of hkm23 and performed initial Western blot analyses in MDCK epithelial cells to

determine whether the km23 anti-serum was specific. As indicated in Fig. 2A, the
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rabbit km23 anti-serum specifically recognized a single band of 11 kDa by Western

blot analysis (lane 1). No band was visible when pre-immune serum was used (lane

2). Thus, the km23 serum was specific.

In order to further demonstrate the specificity of the rabbit km23 anti-serum and

to determine whether it could also detect transfected km23, we performed Western

blot analysis after subcellular fractionation of the cells. As indicated in Fig. 2B, the

anti-Flag Ab could only detect expressed km23-Flag in the cytoplasmic fraction (lane

3, top panel). In contrast, the rabbit km23 anti-serum could detect both endogenous

and expressed km23 in the cytoplasmic fraction (lanesl-3, middle panel). This

cytoplasmic localization of km23 is consistent with the fact that km23 does not contain

a nuclear localization sequence based upon nuclear localization sequence motifs

previously published (23). As expected, endogenous Lamins A and C were not

detectable in the cytoplasmic fraction (lanes 1-3, bottom panel). Further, both

endogenous and expressed km23 were absent in the nuclear fraction (lanes 4-6, top

panel), whereas Lamins A and C were easily detectable in this compartment (lanes

4-6, bottom panel) (24). The results indicate that km23 is a cytoplasmic protein and

that the rabbit anti-serum can specifically recognize both endogenous and expressed

km23.

Since we had demonstrated the specificity of our Ab, we could now assess

km23 protein expression levels across multiple species. Thus, we examined the

relative expression levels of endogenous km23 in several mammalian cell types. As

shown in Fig. 2C, our Ab can detect km23 at high levels in HepG2 human hepatoma

cells (lane 4, top panel) and in MDCK cells (lane 6, top panel), whereas lower levels
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were detectable in MvlLu mink lung epithelial cells (lane 5, top panel). We also found

that km23 was barely detectable in the TGFI3-resistant, human ovarian cancer cell

line OVCA 433 (lane 3, top panel), compared with all of the other cell lines. km23

levels were intermediate in 293 human embryonic kidney cells (lane 1, top panel) and

in partially TGF[3-responsive FET human colon cancer cells (lane 2, top panel). Equal

loading was confirmed by blotting with a DIC Ab (bottom panel), since we have

previously determined that DIC levels are relatively constant among such cell lines.

Thus, our Ab could detect endogenous km23 across multiple species, and in

malignant cells as well.

Since TGFp3 often modulates gene expression, it was of interest to determine

whether km23 levels were regulated by TGFP3 at various times after TGF3 addition to

cells. Thus, we performed Western blot analysis using the rabbit km23 anti-serum.

As shown in Fig.2D, equal amounts of km23 were detectable from 5 to 30 min after

TGFP3 treatment (lanes 1-4). Equal loading was confirmed by blotting with a DIC Ab

(data not shown). Thus, TGFP3 did not induce the expression of endogenous km23.

The serine/threonine kinase activity of the TGFI3 receptors mediates

phosphorylation of downstream molecules to affect TGFP responses. We have

previously shown that km23 was phosphorylated by the TGFP3 receptor complex in

human embryonic kidney 293T cells (15). Since TGFP3 increased the phosphorylation

levels of km23, it was of interest to determine whether another growth factor ligand

could produce a similar effect. EGF is known to phosphorylate many downstream

targets after activation of its receptor (25). For example, Shc, Src, STATs, PLC-y and

PPARy (26-30) have all been shown to be phosphorylated within 30 minutes of EGF
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treatment. In order to determine whether km23 could be phosphorylated by EGF, we

performed in vivo phosphorylation assays after transient expression of km23-Flag, RI-

HA, and RII-HA in the absence and presence of TGFP3 or EGF. However, as indicated

in Fig.3A (right side), EGF did not stimulate km23 phosphorylation during a treatment

period of 0-30 minutes (lanes 7-9). EGF has been shown to phosphorylate other

substrates during this time period in this cell line (30). As expected, km23 was

phosphorylated upon co-expression of both types of TGFI3 receptors (lane 3). A

ligand-dependent increase in km23 phosphorylation was observed at 5 and 15 min

after TGF3-treatment (lanes 4 and 5). As shown previously, km23 was not auto-

phosphorylated (lane 2), nor was there phosphorylation in the EV (lane 1), or the IgG

(lane 6) control lanes. Collectively, our results suggest that km23 phosphorylation

may be mediated specifically by TGFP.

We have also previously shown that the kinase activity of RII was required for

the phosphorylation of km23 (15). However, it was unclear whether the kinase activity

of RI was also required for this phosphorylation event. In order to address the role of

the kinase activity of RI in the TGFP3-mediated phosphorylation of km23, the in vivo

phosphorylation assays in Fig. 3B were performed using either a wild-type or kinase-

deficient form of RI (KN RI) alone or in combination with RII. Co-expression of RII with

KN RI (lanes 9 and 10) resulted in a reduction in km23 phosphorylation, relative to

that observed after expression of both receptors (lanes 2 and 3), or after expression of

RII alone (lanes 7 and 8). As expected, co-expression of RI and RII without km23

resulted in no detectable phosphorylation (lane 1). The IgG control (lane 4) was also

negative. Thus, phosphorylation of km23 by TGFf3 can occur in the absence of RI, but
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the kinase activity of RI does enhance km23 phosphorylation by RII to some extent.

The mechanism underling the role of RI in km23 phosphorylation is the subject of

future investigations.

We have previously shown that TGF RII kinase activity was required for km23

phosphorylation and interaction with the rest of the dynein motor, and that forced

expression of km23 resulted in activation of known TGFP signaling components and

responses (15). Thus, we suggested that TGFI3 signaling components might be the

cargo transported by km23. Accordingly, km23 may function as a TGFP3 signaling

intermediate by assisting with the transport of TGFP3 signaling complexes to the

appropriate cell locations to mediate TGFP3 responses. In order to more definitively

establish whether km23 was required for mediating specific TGFP responses, we

utilized siRNA approaches. We examined the effect of blocking km23 expression on

two major TGFP3 responses, namely growth inhibition and induction of extracellular

matrix protein expression.

Since a prominent biological effect of TGFP3 in epithelial cells is growth

inhibition (1, 4-5), we initially examined the effect of siRNA blockade of km23 on TGF,

inhibition of [3H]thymidine incorporation. In order to establish that the km23 siRNA

could block endogenous km23 expression, we transfected MDCK cells with the

siRNA using Oligofectamine as described in the "Materials and Methods." Western

blot analysis was then performed as shown in Fig. 4A. Transfection with either 0.10

[M or 0.12 FIM siRNA resulted in a marked decrease (compared to control cells) in

km23 levels at both 24 h (lanes 1-3) and 48 h (lanes 4-6) after addition of the siRNA.

The decrease in endogenous km23 was maximal at 24 h after transfection of siRNA
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(lanes 2 and 3, top panel), with a reduction of km23 expression by approximately 65%.

The silencing effect was apparent for at least an additional 24 h, and was similar

when a slightly higher siRNA concentration was used (0.12 [CM; lanes 2, 3, 5, and 6,

top panel). After 72 h, there was no difference in endogenous km23 levels between

the control and siRNA-transfected cells (lanes 7-9, top panel). The bottom panel of

Fig. 4A depicts the results of desitometric scans of the top panel, with the percent of

control values provided above the relevant bars.

Since 0.1 [tM siRNA resulted in maximal silencing at 24 h after addition to

MDCK cultures, we examined TGFP effects on [3H]thymidine incorpration in MDCK

cells in the presence and absence of 0.1 [tM siRNA at this time point. The results in

Fig. 4B indicate that blockade of endogenous km23 caused a reduction in the ability of

TGFP to inhibit DNA synthesis. While TGFI3 inhibited the control cells by 92%, cells

transfected with km23 siRNA displayed only a 73% inhibition by TGFI3. This difference

was statistically significant (p<0.01). Thus, km23 is partially required for the

repression of DNA synthesis by TGF3.

TGFP has been shown to potently induce FN expression at both the mRNA and

protein levels (31-32). In addition, Hocevar et al (13) have shown that the JNK

pathway is required for the induction of FN by TGFI3. We have previously shown that

over-expression of km23 could induce JNK activation and result in phosphorylation of

the downstream target c-Jun (15), suggesting that km23 regulates the JNK pathway

and may contribute to FN induction in some manner. Thus, it was of interest to

determine whether blockade of km23 would also decrease TGFI3 induction of FN

expression. Therefore, we transiently transfected MDCK cells with km23 siRNA-1 or
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km23 siRNA-2 as described in the "Materials and Methods" and performed Western

blot analysis to examine FN induction by TGFP. As shown in Fig. 5A, both km23

siRNA-1 and km23 siRNA-2 resulted in a marked decrease in endogenous km23

levels (lanes 2 and 3, top panel) compared to control (lane 1, top panel). Equal

protein loading was confirmed by blotting with a DIC Ab (bottom panel). Fig.5B

indicates that, as expected, TGFP3 induced FN expression in the controls (lanes I and

2, top panel). In contrast, both km23 siRNAs resulted in a decrease in the ability of

TGFP3 to induce FN expression, both in the absence and presence of TGFI3 (lanes 3-6,

top panel). Blockade of endogenous km23 was confirmed by blotting with km23 anti-

serum (bottom panel). Thus, km23 siRNA can block FN induction by both autocrine

and exogenous TGFI3. These results suggest that km23 is required for TGFP

induction of FN expression.
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DISCUSSION

We have isolated km23 via its ability to interact with the intracellular portions of

the TGFP3 receptors and have shown that this protein is also a light chain of the motor

protein dynein (15). Further, we have demonstrated that this TGF3 receptor-

interacting protein is associated with the TGFP3 receptor complex through RII, and that

its expression can mediate some of the biological responses of TGFI3. In the current

report, we show that although the kinase activity of RII is absolutely required for km23

phosphorylation, the kinase activity of RI is also involved. Further, km23

phosphorylation appeared to be induced specifically by TGFP3, since EGF was unable

to alter the phosphorylation status of km23. More importantly, we demonstrate for the

first time, using siRNA approaches, that km23 is required for TGF3 induction of FN

expression and that it is necessary, but not sufficient, for grow inhibition by TGF3.

Thus, our results support an important role for km23 in TGFP3 signaling.

The partial requirement of km23 for TGFP3-mediated inhibition of DNA synthesis

is not an unexpected finding, as other pathway components are known to be involved

in mediating this complex biological response. For example, TGFI3 activation of Ras

is also partially required for TGFf3-mediated growth inhibition, and for some of the cell

cycle effects that mediate this response (33-35). TGFP3 activation of extracellular

signal-regulated kinases (Erks) and of stress-activated protein kinases/Jun N-

terminal kinases (SAPK/JNKs) was also found to be required for negative growth

control by TGFt3 (7, 18, 36). Further, over-expression of the p65 subunit of the NF-

KB/Rel family in Hs578T cells abrogated the ability of TGFI3 to inhibit cell growth (37),
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suggesting that TGFP3 regulation of NF-KB/Rel activity is also associated with TGFI3-

mediated growth inhibition. Thus, several TGFP3-regulated components appear to be

required for mediating the growth inhibitory response to TGF. km23 may represent a

novel member of this group of signaling components.

As mentioned above, we have demonstrated herein that silencing of km23

resulted in a blockade of the ability of TGFP to mediate another major TGFI3 response,

namely induction of FN expression. The induction of FN by TGF3 was previously

shown to be mediated by an activation of JNK and was Smad4-independent (13). In

addition, we have previously shown that stable expression of km23 resulted in a

super-activation of JNK, as well as an increase in the phosphorylation of the

downstream JNK target c-Jun, suggesting that km23 was involved in the activation of

JNK by TGFP3 (15). Thus, our novel finding here is in keeping with our previous

results, and the results of others, and suggests that km23 may function as a

signaling intermediate for the TGFI3 induction of FN expression, possibly via the JNK

pathway.

In summary, we have provided the following evidence to indicate that km23 is

an important TGF3 signal transducer. First, we have shown that TGFI3, but not EGF,

can induce phosphorylation of km23 in a ligand-dependent fashion. Second, our data

indicate that the kinase activity of both TGFIP receptors plays a role in phosphorylation,

although the RII kinase activity is obligatory. Third, siRNA blockade of km23

expression resulted in a partial loss of the ability of TGFP3 to inhibit cell cycle

progression, as assessed by a reduced S phase inhibition of DNA synthesis by

TGFP. Fourth, siRNA blockade of km23 expression blocked the ability of TGF3 to
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induce the extracellular matrix protein FN. Our results also reveal that km23 is a

highly conserved, ubiquitously-expressed, cytoplasmic protein, which can be detected

in several species and cell types, in keeping with the ubiquitous and multifunctional

nature of TGFI3. Future studies will unravel the precise signaling pathways and

mechanisms involved in the km23-mediated TGFP3 responses examined herein.
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FIGURE LEGENDS

Fig. 1. Alignment of amino acid sequences comparing km23 family members. The

coding region for the following km23 family members are aligned to illustrate the

relative identities: hkm23-1 (accession # AY026513), ZFIN (accession # AAH46084;

74% homology to hkm23-1), robl (accession # AF141920; 67% homology to hkm23-

1), LC7 (accession # AF140239; 59% homology to hkm23-1), T24H10.6 (accession

#Z54216; 56% homology to hkm23-1), B15 (accession # AJ243446; 56% homology to

hkm23-1), bxd (accession # M27999; 40% homology to hkm23-1), and LMAJFV1

(accession # AQ850960; 33% homology to hkm23-1).

Fig. 2. Development and specificity assessment of a rabbit polyclonal antiserum for

detection of km23 protein expression. A: MDCK cell lysates were analyzed by SDS-

PAGE (15%) and transferred to a PVDF membrane. The membrane was then

incubated with rabbit km23 anti-serum (lane 1), pre-immune rabbit serum as a

control (lane 2), respectively, followed by incubation with an anti-rabbit IgG secondary

antibody (1:7500) to demonstrate the specificity of the km23 Ab. B: Mvl Lu cells were

either mock transfected or transiently transfected with EV or km23-Flag. Twenty-four h

later, cells were then fractionated as described in "Materials and Methods." Top

panel, both cytoplasmic and nuclear fractions were subjected to SDS-PAGE (15%),

transferred to a PVDF membrane, and blotted with anti-flag Ab. Middle panel,

membrane was then reprobed with rabbit km23 anti-serum. Bottom panel, the

membrane was then reprobed with anti-lamin A/C Ab as a nuclear marker. C: Top
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panel, protein lysates (75 Rg) were prepared from 293, FET, OVCA 433, HepG2,

Mvl Lu, and MDCK cells, and analyzed as in Fig.3A. Equal loading was confirmed by

blotting with a DIC Ab. D: MDCK cell lysates were incubated in serum-free MEM-ca

medium for 1 h in the absence (lane 1) or presence of (lanes 2-4) TGF3 (10 ng/ml).

Lysates were analyzed by SDS-PAGE (15%) and transferred to a PVDF membrane.

The membrane was then incubated with rabbit km23 polyclonal anti-serum, followed

by incubation with an anti-rabbit IgG secondary antibody (1:7500). The results shown

are representative of two similar experiments.

Fig. 3. The kinase activity of both RI and RII plays a role in the TGFP3-dependent

phosphorylation of km23. A: Human embryonic kidney 293T cells were transiently

transfected with either EV, km23-Flag, and/or RI-HA and RII-HA as indicated. Twenty-

four h after transfection, cells were labeled for 3 h with [32 p] in the absence or

presence of TGFP3 (5 ng/ml) (lanes 1-6) or EGF (100 ng/ml) (lanes 7-9) for the

indicated times. Thereafter, cells were lysed and immunoprecipitated with anti-Flag.

In vivo phosphorylation of km23-flag was visualized by SDS-PAGE (15%) and

autoradiography. B: COS-1 cells were transiently transfected with either EV, km23-

Flag, and/or wild-type or mutant RI and RII as indicated and were analyzed as for A.

The results shown are representative of three similar experiments.

Fig. 4. siRNA blockade of km23 expression reduces TGFI3-mediated inhibition of

DNA synthesis in MDCK cells. A: Top panel, MDCK cells were transfected with 0.10

tM or 0.12 M double-stranded siRNA as described in "Materials and Methods." After
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incubation for 24-72 h, expression levels of endogenous km23 were analyzed via

Western blot analysis using rabbit km23 anti-serum (1:500) as described for Fig. 2.

Bottom panel, plot of densitometric results from top panel. The values in parentheses

indicate a percent of control relative to the corresponding control values. B: MDCK

cells were transfected with 0.1 pM siRNA as described in A. Twenty-four h after

transfection, [3H]thymidine incorporation analyses were performed as described in

"Materials and Methods." The asterisk indicates a statistically significant difference

(Student's t-test, p<0.01) in the inhibition of DNA synthesis by TGFI3 between km23

siRNA-transfected and control-transfected MDCK cells. The results shown are

representative of two similar experiments.

Fig.5. siRNA blockade of km23 expression reduces TGFI3 induction of FN expression.

A: MDCK cells were transiently transfected with siRNA plasmids as indicated: control

(lanel), km23 siRNA (lanes 2 and 3). Top panel, blockade of endogenous km23 was

analyzed via Western blotting with rabbit km23 anti-serum (1:500). Bottom panel,

equal loading was confirmed by blotting with an anti-DIC Ab. B: MDCK cells were

transiently transfected with siRNA plasmids: control (lanes 1-2), km23 siRNA

plasmids (lanes 3-6). Twenty-four h after transfection, MDCK cells were incubated in

serum-free medium for 60 min before addition of TGFP3 (5 ng/ml) for the indicated

times. Top panel, FN expression was detected by Western blot analysis using a

mouse monoclonal anti-FN Ab. Bottom panel, blockade of km23 was confirmed by

blotting with rabbit km23 anti-serum. The results shown are representative of two

similar experiments.
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SUMMARY

We have identified km23 as a novel TGFI3 receptor-interacting protein that is also

a light chain of the motor protein dynein. Here we show that km23 is co-localized

with the TGFP signaling component Smad2 at early time periods after TGFP

treatment of Madin Darby canine kidney epithelial cells, prior to translocation of

Smad2 to the nucleus. Further, km23 interacted with Smad2, but not Smad3, in

both immunoprecipitation/blot and GST pull-down assays. More significantly,

km23 interacted with Smad2 once it has been phosphorylated by constitutively

active RI in vivo. Further, blockade of km23 using small interfering RNA

significantly reduced the levels of phosphorylated Smad2, nuclear translocation

of Smad2, and TGFI3-dependent Smad2 transcriptional activation. Our findings

demonstrate that km23 is required in a Smad2-dependent TGFI3 signaling

pathway.
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INTRODUCTION

Transforming growth factor 13 (TGFIP) is the prototype of a large family of

structurally related growth and differentiation factors that show remarkable

diversity in the biological actions they mediate (Yue and Mulder, 2001; Derynck

and Zhang, 2003; Shi and Massague 2003). These biological responses include

effects on cell growth, cell death, cell differentiation, and the extracellular matrix

(ECM). The effects are often cell type and context dependent (Yue and Mulder,

2001; Derynck and Zhang, 2003; Shi and Massague 2003).

TGFI3 initiates its signals by producing an active tetrameric receptor

complex consisting of RI and RII serine/threonine kinase receptors. After TGFP3

binds to RII, it transphosphorylates, and thereby activates RI. The activated form

of RI can phosphorylate Smad2 and Smad3, and these receptor-activated

Smads (RSmads) then form a complex with Smad4. The TGFP-activated,

heteromeric Smad complexes then translocate into the nucleus, where they

induce or repress transcription of defined genes, either directly by binding to

congnate DNA consensus sites, or indirectly by interaction with other

transcription factors, such as FAST1, FAST2, c-jun, and c-fos (Roberts et al,

2003; Derynck and Zhang, 2003; Shi and Massague, 2003).

Several receptor-interacting proteins have been shown to play a role in

vesicular trafficking, as well as TGFP3 receptor internalization, events involving

Smad recruitment to the receptors (Derynck and Zhang, 2003). For example,

SARA and Dab2 bind both TGFP receptors and RSmads, and promote RSmad
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phosphorylation and TGFI3 signaling (Hocevar, 2001; Di Guglielmo et al., 2003).

In addition, cytoskeletal proteins play a role in the localization and signaling of

Smads (Denryck and Zhang, 2003). For example, unphosphorylated

Smads2/3/4 bind microtubules (MTs), and TGFP treatment induces their

dissociation from these cytoskeletal components (Dong et al., 2000). Filamin, an

actin crosslinking factor and scaffolding protein, also associates with Smads and

positively regulates transduction of Smad signals (Sasaki et al., 2001).

Collectively, these findings indicate that the interactions among TGFI3 receptors,

Smads, and adaptor/scaffolding proteins represent important regulatory

mechanisms in TGFP3 signaling.

km23 was identified as a novel TGFI3 receptor-interacting protein that is

also a light chain of the motor protein dynein (Tang et al., 2002). We have

previously shown that TGFI3 RII is absolutely required for km23 phosphorylation

and interaction with the dynein intermediated chain (DIC). Collectively, our

results suggest that TGFI3 pathway components (such as Smads) may use km23

as an adaptor or motor receptor for their recruitment and transport along MTs.

We demonstrate here that km23 is co-localized with the TGFP signaling

component Smad2 at early time periods after TGFP3 treatment, prior to

translocation of Smad2 to the nucleus. km23 interacted with Smad2, once this

RSmad had been phosphorylated by constitutively active RI in vivo. We also

demonstrate a direct interaction between km23 and Smad2 in vitro. Further,

blockade of km23 reduced the levels of phosphorylated Smad2, nuclear

translocation of Smad2, and TGFP-dependent Smad2 transcriptional activation.
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Thus, km23 appears to be a signaling intermediate in a Smad2-dependent TGFI3

pathway.
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MATERIALS AND METHODS

Reagents--The anti-Flag M2 (F3165) antibody (Ab) and mouse IgG were from

Sigma-Aldrich (St. Louis, MO). The anti-DIC monoclonal Ab (MAB1618) was

from Chemicon (Temecula, CA). The rabbit IgG was from Santa Cruz

Biotechnology, Inc. (Santa Cruz, CA). TGFI3i was purchased from R & D

Systems (Minneapolis, MN). The phospho-Smad2 Ab (3101) was from Cell

Signaling Technology (Beverly, MA). The rabbit Smad2 Ab (51-1300) was from

Zymed (South San Francisco, CA). The mouse anti-Smad2/3 (610843) was from

BD Biosciences Transduction Laboratories (Palo Alto, CA). The Fugene 6

transfection reagent was from Roche Applied Science (Indanapolis, IN).

Antibody production-- The rabbit polyclonal km23 anti-serum used for the

immunofluorescence studies was prepared against the following sequence:

MAEVEETLKRIQS (corresponding to amino acids 1-13 of human km23)

(Strategic BioSolutions, Newark, DE). The company also provided preimmune

serum.

Cell culture--Mvl Lu (CCL-64) cells were purchased from American Type Culture

Collection (Manassas, VA) and were grown in DMEM supplemented with 10%

FBS. MDCK cells (CCL-34) was also obtained from ATCC and were grown in

MEM-a supplemented with 10% FBS. Cultures were routinely screened for

mycoplasma using Hoechst 33258 staining.
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Transient transfections, Immunpreciptation(IP)Iblot, Westerns-- were

performed essentially as described previously (Hocevar et al., 1999; Yue et al.,

1999a; b; Yue and Mulder, 2000; Tang et al., 2002)

Smafl interfering RNA (siRNA)-a km23 siRNA pSIREN construct to target the

human km23 (251 st-271st nucleotide, 5'-AAGACTATTTCCTGATTGTGA-3')

was prepared. This km23 siRNA also can knock down rat and mouse km23,

since this targeting sequence is identical among human, rat, and mouse. In

addition, we have made a negative control siRNA (NC siRNA) plasmid, the

sequence of which does not match any genes by alignment with the NCBI

database using BLAST. All of these constructs contain a human RNA

polymerase III U6 promoter and can form a hairpin structure in vivo that is quite

similar to chemically synthesized double-stranded siRNA. The pSIREN empty

vector (EV) was purchased from BD Clontech (Cat# 631529).

Immunofluorescence -- For km23 and Smad2 co-localization experiments,

MDCK cells were fixed with 4% paraformaldehyde in phosphate-buffered saline

for 20 min at room temperature, and permeabilized with 0.5% Triton X-100 in

phosphate-buffered saline for 5 min. Subsequently, these cells were incubated

with km23 rabbit anti-serum (1:200) and 5 Rig/ml anti-Smad2/3 monoclonal Ab for

1 h, respectively. The bound primary antibodies were visualized with 2 [tg/ml

Alexa 594 goat anti-rabbit IgG or Alexa 488 goat anti-mouse IgG, respectively.

Immunofluorescence images were captured using a Nikon Diaphot microscope

with a Retiga 1300 CCD camera (BioVision Technologies, Inc., Exton, PA),

running IPLab v3.6.3 software (Scanalytics, Inc., Fairfax, VA). For
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immunofluorescence analysis to study the effects of siRNA's on nuclear

translocation of Smad2 by TGFP, the cells were analyzed as for the co-

localization studies, except that the cells were incubated only with 5[tg/ml anti-

Smad2/3 monoclonal Ab, and then the bound Ab was visualized with 2 Rg/ml

Alexa 594 goat anti-mouse IgG. One hundred GFP positive cells were counted

for cultures with both km23 siRNA-transfected and NC siRNA-trasnsfected cells.

DAPI staining designates individual cells.

Luciferase reporter assay-- MvILu cells were plated at 1x10 4 cells/cm2 in 12-

well plates. Twenty-four hours after plating, the cells were transfected with the

indicated amounts of either km23 siRNA or NC siRNA, together with activin-

responsive element (ARE)-luc and forkhead activin signal transducer-1 (FAST-

1)(Chen et al., 1996). Renilla was used to normalize transfection efficiencies,

and pcDNA3.1 was used to normalize the amount of total DNA transfected.

Twenty-four hours after transfection, the medium was replaced with DMEM

serum-free medium. One hour after incubation, Mv1 Lu cells were cultured in the

absence or presence of TGF-13 (5ng/ml) for another 18 h. The luciferase activity

was measured using Promega's Dual-luciferase Reporter Assay System (Cat#

E1960) following the manufacturer's instructions. All assays were performed in

triplicate. Data are expressed as mean+SEM.
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RESULTS

Our previous data suggested that km23 might function as a "motor

receptor" to recruit TGFP3 signaling complexes to the dynein motor complex for

intracellular transport along MTs toward the nucleus (Tang et al., 2002). For

example, we have demonstrated that TGFI3 RII kinase activity was required for

km23 phosphorylation and TGFP1-dependent binding of km23 to the rest of the

dynein motor complex. Since Smad2 is a critical intracellular mediator of TGF3

responses (Attisano and Wrana, 1998, Massague 1998), co-localized with RII in

specific endosomal compartments after receptor endocytosis (Hayes et al.,

2002), it was conceivable that Smad2 might function as one of the cargo that

km23 could recruit for intracellular transport. If this were the case, we would

expect Smad2 to be co-localized with km23. Thus, we performed

immunofluorescence studies in TGFP-responsive MDCK cells, using km23-

specific rabbit antiserum prepared against amino acids 1-13. As indicated in Fig.

1A, in the absence of TGFIP treatment, endogenous km23 was present in

perinuclear puncta, whereas Smad2 displayed a different pattern of punctate

staining. TGFP3 treatment resulted in a greater co-localization of Smad2 with

km23 at both 2 min (Fig. 1 B) and 5 min (Fig. 1C) after TGF3 addition to MDCK

cells. In contrast, once Smad2 had translocated to the nucleus by 15 min after

TGFP3 treatment (Fig. 1D), km23 was still localized in the cytoplasm and was no

longer co-localized with Smad2. For all studies, the preimmune serum or

relevant IgG controls were negative, confirming the spcecificity of the km23 Ab.
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Thus, our results clearly indicate that km23 and Smad2 are co-localized

intracellularly at 2 and 5 min after TGFP treatment, prior to the entry of Smad2

into the nucleus.

Since km23 and Smad2 appeared to be co-localized, it was of interest to

determine whether km23 and Smad2 interacted in vivo. We performed IP/blot

analyses after transfection of km23-Flag and Smad3-Flag or Smad2-Flag, with or

without constitutively activated TIPRI (T204D-HA). As shown in Fig. 2A, in the

presence of T204D-HA, immunoprecipitation (IP) of the Smad2 protein, using an

anti-Smad2 Ab, resulted in co-IP of km23-Flag and Smad2 (lane 7). This km23-

Smad2 interaction did not occur in the absence of activated TPRI (T204D-HA)

(lane 6). Further, Smad3 did not interact with km23 under similar condition

(lanes 2-3), indicating same specificity for Smad2. As expected, no band was

visible for the IgG control (lanes 1, 5). The data suggest that Smad2

phosphorylation by constitutively active RI is required for Smad2 interaction with

km23.

In order to determine whether km23 could directly interact with Smad2,

we performed GST pull-down assays after transfection of either EV or Smad2-

Flag into 293T cells. Cell lysates were incubated with sepharose-bound,

bacterial-expressed GST alone or GST-km23. An anti-Flag Ab was used as the

blotting Ab to detect Smad2-Flag in the GST-km23 complex. As shown in Fig.

2B, Smad2 was visible in the GST-km23 immunoprecipitates (lane 4), but not in

the immunoprecipitates from GST only (lane 3). EV control lanes were also

negative (lanes 1, 2). The results indicate that km23 interacts with Smad2 in
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vitro.

In order to explore the possibility that km23 regulates Smad2

phosphorylation by TGFI3, it was of interest to determine whether blockade of

endogenous km23 would block Smad2 phosphorylation and translocation. In

order to demonstrate the ability of km23 siRNA to block endogenous km23

expression, we either mock-transfected or transiently transfected Mvl Lu cells

with km23-Flag and km23 siRNA or km23-Flag and NC siRNA. As shown in

Fig.3A, km23 siRNA specifically knocked down transfected km23 in vivo. To

further confirm this, we transiently transfected Mvl Lu cells with km23 siRNA or

NC siRNA and GFP-km23, and evaluated the level of km23 siRNA and NC

siRNA blockade of GFP-km23 expression as described in "Materials and

Methods". As shown in Fig.3B, there are approximately 20% GFP-positive cells

in the NC siRNA -transfected cultures (top panels, right). In contrast, there are

only a few positive cells in the km23siRNA-transfected cells (bottom panels,

right), suggesting a significant level of knock-down of km23 expression. A similar

result was observed at 48 h post-transfection (data not shown). Collectively, the

results in Fig.3 indicate that the km23 siRNA can specifically block expression of

the km23 protein.

Since km23 siRNA resulted in maximal silencing at 24 h or 48 h after

addition to Mvl Lu cells, we performed Western blot analysis to examine whether

blockade of km23 would block TGFP induction of Smad2 phosphorylation during

this time period. As shown in Fig.4 (left, top panel), TGFP treatment of NC

siRNA-transfected cells induced Smad2 phosphorylation as early as 5 min after
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TGFI3 treatment, and levels of phosphorylated Smad2 continued to increase to

values 9-fold above basal levels by 15 min after TGFP. In contrast, in the km23

siRNA-transfected cells (right, top panel), TGFP induction of Smad2

phosphorylation was reduced to values 2-4 fold above baseline levels after

similar time points. The results in Fig.4 indicate that km23 is partially required for

the TGFI3-mediated increase in phospho-Smad2 levels that occurs at very early

times after TGFI treatment (5-15 min).

We also performed immunofluorescence studies to determine whether

blockade of km23 could block nuclear translocation of Smad2 by TGFI3 in

individual cells. Mvl Lu cells were transiently transfected with either NC siRNA or

km23 siRNA and GFP. As shown in Fig.5A, in the absence of TGFP3, the NC

siRNA-transfected cells and the km23 siRNA-transfected cells displayed the

same pattern of punctate staining. However, while the NC siRNA-transfected,

GFP-positive cells still displayed Smad2 translocation in response to TGFP (Fig.

5B), the km23 siRNA-transfected, GFP-positive cells displayed barely detectable

levels of nuclear Smad2 expression (Fig. 5C). As expected, the non-transfected

cells in Figs 5B and C responded to TGFI3 with significant Smad2 translocation.

In order to quantify the levels of nuclear translocation of Smad2 by TGFI3,

we counted one hundred GFP positive cells in cultures of either km23 siRNA-

transfected and NC siRNA-trasnsfected cells treated with TGFI3 (5ng/ml), and

quantified the levels of nuclear translocation of Smad2. As shown in Table1, in

NC siRNA-transfected cells, 93.2% of the GFP-positive cells displayed Smad2

nuclear translocation in response to TGFI3. As expected, 100% of the GFP-
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negative cells responded to TGFI3 with Smad2 translocation, whether NC or

km23 siRNA had been transfected. In contrast, in the km23 siRNA-transfected

cells, 89% of the GFP-positive cells displayed barely detectable levels of nuclear

Smad2 expression. Thus, only 11% of the km23 siRNA, GFP-positive cells still

displayed nuclear translocation of Smad2. Our results demonstrate that km23 is

required for the nuclear translocation of Smad2 by TGFP.

The transcriptional activity of Smad2 is dependent upon its prior

phosphorylation (Macias-Silva et al., 1996). Since blockade of km23 could

reduce both the levels of phosphorylated Smad2 and the nuclear translocation of

Smad2, it was of interest to determine whether blockade of km23 could also

influence the transcriptional activity of the Smad2 protein. To assess this, we

transiently transfected Mvl Lu cells with either km23 siRNA or NC siRNA and

ARE-luc/FAST-1 for analysis of ARE luciferase reporter activity. As shown in

Fig.6, strong (up to 28-fold) activation the ARE-luc reporter by TGFP was

achieved in both mock-transfected and NC siRNA-transfected cells. However,

the cells transfected with km23 siRNA displayed a significant decrease in TGF3-

stimulated ARE-luc induction to levels of only 10-fold. The results in Fig. 6

indicate that km23 is required for TGFP induction of Smad2-dependent

transcriptional activity.
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DISCUSSION

We have previously reported that km23 is both a TGFP receptor-

interacting protein and a light chain of the motor protein dynein. Kinase-active

TGFI3 receptors are required for km23 phosphorylation and recruitment of km23

to the dynein motor complex, suggesting that subsequent to receptor activation,

TGFI3 signaling components may be transported along MTs through the

interaction of km23 with DIC (Tang et al., 2002). Here, we show that km23

partially co-localizes with Smad2 in a TGFI3-dependent manner. Furthermore,

km23 interacts with the TGFI3 signaling intermediate Smad2 both in vitro and in

vivo. More importantly, using siRNA approaches, we demonstrate for the first

time, that km23 is required for TGFP3-stimulation of Smad2 phosphorylation,

nuclear translocation, and transcriptional activation of Smad2.

Previous work has indicated that Smad2/3 activation by TGFP is

dependent upon receptor internalization (Penheiter et al., 2002). Further,

activated TGFP3 receptors are known to be internalized into EEAl/SARA-enriched

endosomes where Smad2 is recruited by SARA (Hayes et al., 2002; Di

Guglielmo et al., 2003). Smad2/3 can then be phosphorylated by the TGFI3

receptors to promote TGFI3 signaling, prior to receptor degradation. From our

studies, it appears that km23 is being phosphorylated by the activated TGFP

receptors and is recruited to the dynein motor complex in approximately the

same time frame as RSmad activation (Tang et al., 2002). Our results herein
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indicate that km23 specifically interacts with Smad2 once it has been

phosphorylated by constitutively active RI. Thus, km23 may function at a point

after Smad2 has been localized to specific endosomal compartment to affect the

next step in the intracellular transport process. In this way, km23 may provide a

key link in the signaling of Smad2-specific TGFO3 responses.

Although Smad2 and Smad3 are highly homologous and share some

overlapping activities, they have distinct functions and are regulated differentially

(Liu, 2003, Roberts et al, 2003). For example, Smad2 and Smad3 have opposite

activities on the goosecoid (gsc) promotor; in that Smad2 activates it, while

Smad3 represses it (Labbe et al., 1998). TRAP-I-like protein (TLP), a novel

modulator of TGF3 signaling has opposite effects on Smad2- and Smad3-

dependent signaling (Felici et al., 2003). In addition, there is no evidence that

Smad2 and Smad3 are phosphorylated in the same endocytic locale. Here we

show that while activated Smad2 can bind km23, this is not true for Smad3. We

also show that blockade of km23 reduces TGFIP- and Smad2-dependent ARE-luc

transcriptional activity. However, km23 knock-down is without effect on TGF3-

and Smad3-dependent effects on Smad binding element (SBE)-luc activity (data

not shown). Thus, it appears that km23's critical function in mediating the

phosphorylation, nuclear translocation, and transcriptional activation of Smad2 is

specific to this RSmad. Perhaps a km23-like protein regulates Smad3 in a

similar fashion. However, whether this is the case requires further investigation.

It is note worthy that when comparing Fig. 5B and 5C, there was no

corresponding increase in cytoplasm Smad2, when nuclear Smad2 expression
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was blocked by the km23 siRNA. This finding is consistent with degradation of

Smad2 occurring when km23 function is blocked. Ubiquitin-proteaseome-

mediated degradation is known to control the levels of Smads post-translationally

(Derynck and Zhang, 2003; Izzi and Attisano, 2003). Accordingly, the ubiquitin

pathway can regulate basal levels of Smads (Izzi and Attisano, 2003). Since our

data demonstrate that blockade of km23 decreased Smad2 expression levels in

the cytoplasm, as well as in the nucleus, it is possible that blockade of km23

stimulates a Smad2 ubiquitin-mediated degradation pathway. For example,

such as one involving Smuf2, which could directly target Smad2 for degradation

could play a role (lin et al., 2000). However, we cannot rule out a mechanism for

Smad2 degradation that may specific km23 functions. Future studies will explore

this issue more completely.

Blockade of km23 reduced the levels of Smad2 phosphorylation, nuclear

translocation of Smad2, and Smad2-dependent transcriptional activity,

suggesting a critical role for km23 in mediating Smad2-dependent responses.

However, Smad2 phosphorylation and activation can also be regulated by TGFP-

dependent activation of the Erk, JNK, and p38 pathways (Derynck and Zhang,

2003; Fu et al., 2003). For example, activation of MEKK1, which is upstream of

the JNK pathway, has been shown to enhance Smad2 phosphorylation,

association with Smad4, nuclear accumulation, and transcriptional activity

(Brown et al., 1999). Since we have previously shown that forced expression of

km23 enhances JNK activation, it may be that km23 serves as a bridge to link
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the Smad2 and JNK signaling pathways. Thus, Smad2 may not be the only

TGFP signaling component regulated by km23.
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LEGENDS

Fig. 1. km23 colocalizes with Smad2 in a TGFP-dependent manner. A:MDCK

cells were cultured in the absence of TGFP, and then were fixed and

permeabilized. Endogenous km23 was detected using rabbit km23 anti-serum,

followed by Alexa 594 goat anti-rabbit IgG (left, top row). Smad2 was detected

using a mouse monoclonal Smad2/3 Ab and Alexa 488 goat anti-mouse IgG (left,

middle row). The merge photos show potential co-localization of km23 and

Smad2 as yellow punctate staining (left, bottom row) and an enlarged inset (right,

bottom row). No signal was detected in the controls (right, top and middle rows).

B: MDCK cells were incubated in serum-free medium for 1 h before addition of

TGFP (5 ng/ml) for 2 min, and then analyzed as in A. C: MDCK cells were

incubated in serum-free medium for 1h before addition of TGFP3 (5 ng/ml) for 2

min, and then analyzed as in A. D: MDCK cells were incubated in serum-free

medium for 1h before addition of TGFI3 (5 ng/ml) for 15 min, and then analyzed

as in A. The results shown are representative of three similar experiments.

Fig. 2. km23 interacts with Smad2 in IP/blot and GST pull-down assays. A: 293T

cells were transfected with km23-flag and Smad3-flag or Smad2-flag, and/or

T204D-HA as indicated. Twenty-four hours after transfection, 293T cell lysates

were analyzed by IP/blot to determine whether there was an interaction between

Smad2 or Smad3 and km23 in vivo. B: Top panel, 293T cells were transfected

with either EV or Smad2-Flag, and lysates were incubated with sepharose
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bound, bacterially-expressed GST alone or GST-rkm23. GST- bound proteins

were analyzed by SDS-PAGE and were immunoblotted with an anti-Flag Ab.

Smad2 interacts with GST-km23 (lane 4), but not with GST alone (lane 3). EV

control lanes (lanes 1, 2) were also negative. Bottom panel, Western blot

analysis of total cell lysates to confirm expression of Smad2 in the relevant

samples prior to assay (lanes 3, 4). The results shown are representative of two

similar experiments.

Fig.3. Demonstration of the specificity of km23 siRNA for blocking endogenous

km23. A: Mvl Lu cells were either mock-transfected (lane 1), or transiently

transfected with km23-Flag alone (lane 4), km23-Flag and km23 siRNA (lane 3),

or km23-Flag and NC siRNA (lane 2). Forty-eight hours after transfection, cells

were lysed and analyzed by Western blot analysis with an anti-flag Ab. Bottom,

equal expression of DIC was confirmed by Western blot analysis. B: Mvl Lu cells

were transiently transfected with either km23 siRNA and GFP-km23 (top panels)

or NC siRNA and GFP-km23 (bottom panels). Twenty-four hours after

transfection, cells were fixed and analyzed by immunofluorescence as described

in " Material and Methods." DAPI staining is shown to visualize individual cells.

The results shown are representative of two similar experiments for each.

Fig.4. siRNA blockade of endogenous km23 reduces the TGFj-dependent

increase in phosphorylated Smad2. Mvl Lu cells were transiently transfected

with either km23 siRNA or NC siRNA. Twenty-four hours after transfection, cells

were incubated in serum-free medium for 1 h before addition of TGFI3 (5 ng/ml)
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for the indicated times. Top, cells were lysed and then analyzed by Western blot

analysis with anti-phospho-Smad2. Middle, total Smad2 levels were confirmed

by Western blotting. Bottom, plot of densitometric scan of results in top panel.

The results shown are representative of two similar experiments.

Fig.5. SiRNA blockade of endogenous km23 reduces nuclear translocation of

Smad2 by TGFI3. A: Mvl Lu cells were transiently co-transfected with either GFP

and NC siRNA, or GFP and km23 siRNA. Twenty-four hours after transfection,

cells were fixed and endogenous Smad2 was detected using a mouse

monoclonal Smad2/3 Ab and Alexa 594 goat anti-mouse IgG (red). DAPI

staining permits visualization of individual cells (blue). GFP is used as a marker

to designate cells transfected with siRNA (green). B: Mvl Lu cells were

transiently co-transfected with GFP and NC siRNA. Twenty-four hours after

transfection, cells were incubated in serum-free medium before addition of

TGFP (5 ng/ml) for 15 min, and then analyzed as in A. C: Mvl Lu cells were

transiently co-transfected with GFP and km23 siRNA. Twenty-four hours after

transfection, cells were incubated in serum-free medium before addition of

TGFI3 (5 ng/ml) for 15 min, and then analyzed as in A. The results shown are

representative of two similar experiments.

Fig.6. siRNA blockade of endogenous km23 dose-dependently inhibits Smad2-

dependent transcription in TGF-13/activin reporter assays. Mvl Lu cells were

transfected with increasing amounts of either km23 siRNA or NC siRNA (0.125[tg
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and 0.5[tg respectively) along with 0.2 [tg ARE-luc and 0.2 gg FAST1. To

normalize the transfection efficiency, 0.2 [tg renilla was co-transfected as an

internal control. Twenty-four hours after transfection, the medium was replaced

with serum-free medium for 1 h, followed by incubation of cells in the absence

(open bar) and presence (black bar) of TGFP (5ng/ml) for an additional 18 h.

Luciferase activity was measured using the Dual Luciferase Reporter Assay

System. All reporter assays were performed in triplicate. The fold of luciferase

activity after TGFI3 addition is indicated in parentheses on top of the relevant

bars. The results shown are representative of two similar experiments.
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ABSTRACT

Ovarian carcinomas, particularly recurrent forms, are frequently resistant to

transforming growth factor (TGF)-13-mediated growth inhibition. However, mutations in the

TGFI3 receptor I and receptor II (TP3R-I and TI3R-II) genes have only been reported in a

minority of ovarian carcinomas, suggesting that alterations in TGFP3 signaling components

may play an important role in the loss of TGFI3 responsiveness. Using laser-capture

microdissection (LCM) and nested reverse-transcription polymerase chain reaction (RT-

PCR), we found that km23, which interacts with the TGFI3 receptor complex, is altered at a

high frequency in human ovarian carcinoma cell lines and tissues. A novel form of km23,

missing exon 3, was found in two out of six ovarian cancer cell lines, as well as in two out of

nineteen tumor tissues from patients with ovarian cancer. In addition to this alteration, a stop

codon mutation (TAA-CAC) was detected in two patients. This alteration results in an

elongated protein, encoding 107 amino-acid residues, instead of the wild type 96-amino acid

form of km23. Furthermore, five missense mutations (T381, S55G, T56S, 189V, and V90A)

were detected in four patients, providing a total alteration rate of 42.1% (8 out of 19 cases) in

ovarian cancer. No km23 alterations were detected in 15 normal tissues. Such a high

alteration rate in ovarian cancer suggests that km23 may play an important role in either

TGFI3 resistance or tumor progression in this disease. In keeping with this, the functional

studies described herein indicate that both the truncated and elongated forms of km23 have

diminished binding to the dynein intermediate chain (DIC) in vitro, and that the latter also

dose-dependently inhibits TGFP- and Smad2-dependent activin responsive element (ARE)

reporter activity.
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INTRODUCTION

Ovarian carcinoma is often diagnosed at an advanced stage and is the leading cause

of death from gynecological neoplasia, accounting for more than 14,000 deaths per year (1).

Overall, the molecular changes that underlie the initiation and development of this tumor are

poorly understood. It has been reported that more than 75% of ovarian carcinomas are

resistant to TGFI3, particularly recurrent ones (2, 3). As such, the loss of TGFP3

responsiveness may play an important role in the pathogenesis and/or progression of

ovarian cancer.

It has been reported that the TGF3I3, the TGFPI receptors, the TGFI3 signaling

components Smad2 and Smad4, and the adaptor molecule Dab2 were altered in different

types of cancers (4-6). Alterations in TpR-II have been identified in 25% of ovarian

carcinomas (7), while mutations in TI3R-I were reported in 33% of such cancers (8). Loss of

function mutations of TGF31, TIPR-I, and TP3R-11 can lead to disruption of TGFI3 signaling

pathways and subsequent loss of cell cycle control (7-10). However, these alterations only

account for a minority of TGFP-resistant ovarian carcinomas, suggesting that other

alterations in TGFI3 signaling components may be involved in the pathogenesis of this type of

cancer.

Recently, we have identified km23 as a TGFP3 receptor-interacting protein that is also a

light chain of the motor protein dynein (11). km23 can be phosphorylated on serine residues

after ligand binding. Forced expression of km23 induced specific TGFP3 responses, including

Jun N-terminal kinase (JNK) activation, c-Jun phosphorylation, and cell growth inhibition (11).

Further, TGFP induced the recruitment of km23 to the dynein intermediate chain (DIC). A

kinase-deficient form of TGF-13 RII prevented both km23 phosphorylation and interaction with
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DIC (11). This report was the first demonstration of a link between the cytoplasmic motor

protein dynein and a natural, growth inhibitory cytokine. Our more recent studies have also

demonstrated that km23 is co-localized with Smad2 after ligand binding. km23 interacted

with Smad2 both in vitro and in vivo. Blockade of endogenous km23 inhibited Smad2

nuclear translocation and Smad2-mediated ARE-luc transcriptional activation (12). Thus,

km23 appears to be an important component of a Smad2-dependent TGFP3 signaling

pathway.

Cytoplasmic dynein is a large multisubunit motor complex that moves various cargoes

toward the minus end of microtubules in eukaryotic cells. It is composed of heavy,

intermediate, light-intermediate, and light chain subunits (13). Two dynein heavy chains are

responsible for microtubule binding and ATP hydrolysis, events that are essential for the

movement of the motor complex along microtubules (13). The intermediate chains, light-

intermediate chains, and light chains form the base of the dynein complex and are important

for cargo binding (13). Several dynein light chains (DLCs) have been identified, and among

them, LC8, Tctex-1/rp3, and Tctex-2 have been the most widely studied (13).

The Drosophila homologue of km23, termed robl, is essential for both flagellar and

cytoplasmic dynein functions and is involved in mitosis and axonal transport (14). Mutants of

this Drosophila homologue display defects in intracellular transport, an accumulation of

cargoes, and an increase in mitotic index (14). In mammals, there appear to be two classes

of km23 proteins (km23-1 and km23-2), based upon homology comparisons. Both of them

contain open-reading frames of equal length, encoding 96-amino-acid peptides and

displaying 77% identity. Expression of the rat km23-1/robl/LC7 is down-regulated in

response to light within the visual cortex (15). In human hepatocellular carcinoma tissues,

compared with adjacent tumor-free tissues, the expression level of km23-1/DNLC2A is up-

regulated, while the km23-2/DNLC2B is down-regulated (16).

In this communication, we report the analysis of sequence alterations in human km23-1
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in epithelial ovarian cancer cell lines and tissues using laser-capture microdissection (LCM)

and nested RT-PCR approaches. We found a high incidence (42.1%) of km23 mutations in

human ovarian carcinomas, while normal tissues did not contain such alterations (p<0.005).

This is the first report of alterations in a cytoplasmic DLC in epithelial ovarian cancer.

Further, we found two mutants, encoding truncated and elongated forms of km23, which both

display diminished interactions with DIC. In addition, the elongated form of km23 inhibited

TGFP3- and Smad2-dependent ARE-luc transactivation. Our results demonstrate that

alterations in km23 found in ovarian cancer patients can result in altered dynein motor

interactions and altered Smad2 signaling induced by TGFP.
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MATERIALS AND METHODS

Cell culture. Human ovarian cancer cell lines SK-OV-3 and OVCAR-3 were purchased from

American Type Culture Collection (ATCC, Rockville, MD). OVCA420 and OVCA429 cells

were provided by Dr. Bast (Texas M.D. Anderson Cancer Center, Houston, TX). CaOV-3

cells were obtained from Dr. Ruch (Medical College of Ohio, Toledo, OH), and IGROV-1 cells

were obtained from Dr. MacLaughlin (Massachusetts General Hospital, Boston, MA). SK-

OV-3 cells were cultured in McCoy's 5a medium and OVCAR-3 cells were cultured in

RPMI1640 medium according to ATCC's recommendation. IGROV-1 cells were cultured in

Dulbecco's Modified Eagle's Medium with glutamine. OVCA420, OVCA429, and CaOV-3

cells were cultured in Minimum Essential Medium. All media were supplemented with 10%

heat-inactivated FBS. Cells were maintained in 5% CO2 at 370C. Cultures were routinely

screened for mycoplasm using Hoechst staining.

Ovarian tissues. 19 ovarian carcinoma tissues and 12 normal ovarian tissues were

provided by Cooperative Human Tissue Network (CHTN). Tissues were sent on dry ice and

stored at -800C prior to use. Institutional Review Board approval for this study was received

from the Penn State College of Medicine (Hershey, PA).

H&E staining. Sections of frozen tissues (10[tm) were mounted on slides (SL Microtest,

Germany). H&E staining was performed as described by Goldsworthy et al (17). All

reagents for H&E staining were prepared with diethyl-pyrocarbonate (DEPC)-treated distilled

water.

LCM. LCM was performed using a gCut Laser Microdissection system (SL Microtest,

Germany) according to the manufacturer's instructions. After microdissection of each

specimen, the thermoplastic film-coated cap containing the captured tissue was placed in a
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0.5 ml microtube.

RNA isolation. Total RNA was isolated from the cell lines and ovarian tissues using TRIzol

reagent according to manufacturer's protocol (Invitrogen, life technologies, Carlsbad, CA,

Cat# 15596-026). Total RNA was isolated from LCM'd tissue using a Total RNA Microprep

Kit (Stratagene, La Jolla, CA, Cat# 400752) according to manufacturer's recommendations.

Nested RT-PCR and DNA sequencing. cDNA synthesis was performed using Sensicript

Reverse Transcriptase (QIAGEN, Germany, Cat# 205211), according to the manufacturer's

suggestion. Nested PCR was performed using two pairs of primers spanning the whole open

reading frame of km23. The forward primer for the first round of PCR was 5'-

GTTTTGACAGAAACCTTTGCG-3' and the reverse primer was 5'-TTGGTGCACACAGG

GGTTC-3'. The conditions used for the first round of PCR were: 94 0C, 50 sec; 54 0C, 50 sec;

720 C, 1 min; 30 cycles. The second round of PCR was performed using the first round of

PCR products as a reaction template (forward primer, 5'-ACTCGCTAAGTGTTCGCTACG-3';

reverse primer, 5'-TGCCATGTGCTAGTCCACTGA-3'), with the following conditions: 940C,

50 sec; 620C, 50 sec; 720C, lmin; 33 cycles. All PCR assays were performed using

recombinant Pfu polymerase with 3'-5' exonuclease activity (Stratagene, La Jolla, CA. Cat#

600154-81). The PCR products were electrophoresed on 2% agarose gels, visualized with

ethidium bromide staining, and purified using a QlAquick Gel Extraction Kit (QIAGEN,

Germany, Cat# 28704). DNA sequencing was performed in both directions using the primers

for the second round of PCR.

Statistics. The statistical difference in alteration rate between the ovarian carcinoma tissues

and the tumor-free ovarian tissue groups was calculated using Fisher's exact test.

Phosphorylation site prediction and secondary structure prediction. Phosphorylation

site prediction for km23 was performed using PhosphoBase v. 2.0 and NetPhos 2.0

(http://www.cbs.dtu.dk/databases/PhosphoBase) (18). The secondary structure for km23
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was predicted using the Jnet method (http://www.compbio.dundee.ac.ukl-www-ipred/inetl)

(19).

GST pull-down assays. GST-km23 and GST-elongated km23 mutant constructs were

prepared using the pGEX-4T-1 vector (Amersham Biosciences, Piscataway, NJ) as

previously described (11). The bacterially expressed GST fusion proteins were isolated

according to the manufacturer's instructions (Pierce) and used in GST pull-downs by

standard methods (Current Protocols in Molecular Biology). The products were analyzed by

SDS-PAGE or immunoblotting/Coomassie blue staining.

Luciferase reporter assays. Mv1Lu cells were plated at a density of 1x10 4 cels/cm2 in 24-

well plates 24 h prior to transfection. The cells were co-transfected with ARE-luc, forkhead

activin signal transducer-1 (FAST-I) (20), and the indicated amount of either wt km23 or

elongated km23. pcDNA3.1 was used to normalize the amount of total DNA. 24 h after

transfection, the medium was replaced with DMEM serum-free medium. I h later, the cells

were incubated in the absence or presence of TGF-P3 (2.5ng/ml) for 18 h. Luciferase activity

was measured using Promega's Dual-Luciferase Reporter Assay System (Cat# E1960)

according to the manufacturer's instructions, using renilla as an internal control to normalize

transfection efficiencies. All assays were performed in triplicate.
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RESULTS

A truncated form of km23, missing exon 3, was detected in two out of six ovarian

cancer cell lines, as well as in two out of nineteen ovarian carcinoma tissues. Using a

highly sensitive and specific nested RT-PCR strategy, we amplified a PCR fragment of 424

base pairs using forward and reverse primers located in the 5'-UTR and 3'-UTR regions

respectively. This fragment spans the entire coding region of human km23. In two (SK-OV-3

and IGROV-1) out of six ovarian cancer cells, a smaller band of 254 bp was detected in

addition to the 424 bp product (Fig.lA). DNA sequencing indicated that this short fragment is

a truncated form of km23, which is missing exon 3 and contains only 123 nucleotides, as

opposed to the 291 found in wild-type (wt) km23. No sequence alterations were detected in

the 424 bp product in all six cell lines.

In order to investigate whether this novel TGFI3 receptor interactor was also altered in

human epithelial ovarian cancer tissues, we analyzed 19 ovarian carcinoma samples from

patients. In order to prevent RNA degradation, snap-frozen tissues were analyzed under

RNAse-free conditions by RT-PCR. LCM was performed to separate epithelial tumor cells

from adjacent tumor-free normal cells. Combining two micro-scale analysis technologies,

LCM and nested RT-PCR, we amplified the entire coding region of km23 in all samples. In

two of nineteen tumor tissues (cases 3 and 8), an additional band of 254 bp was detected

(Fig.lB). DNA sequencing confirmed that this band was identical to the truncated form of

km23 (missing exon 3), which was identified in the tumor cell lines. In case 8, we also

analyzed the km23 sequence in tumor-free stroma cells. No truncated form of km23 was

detectable. The predicted size of the truncated form of km23 is 41-amino-acids (Fig. 1C).

Five Missense mutations in km23 were detected in 21% of epithelial ovarian
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carcinoma tissues. In addition to the above-mentioned findings, we obtained five missense

mutations in km23 in four patients. In case 1, diagnosed with serous cystadenocarcinoma,

the 163rd nucleotide of the coding region was changed from an adenine to a g'uanine (A-G).

This alteration corresponds to an amino acid change from a serine to a glycine (S55G). Also

in this patient, the 265th nucleotide of the coding region was altered from an adenine to a

guanine (A-G), corresponding to an amino acid change in residue 89 of km23 from an

isoleucine to a valine (189V). In addition to these alterations, three other missense

mutations, including T381, T56S, and V90A, were detected in three other patients (cases 7,

15, and 18) (Table 1).

A stop codon mutation in km23 was detected in 10% of epithelial ovarian

carcinoma tissues. In two cases (cases 4 and 14), the stop codon of km23 was altered

from TAA to CAC. This alteration results in a larger protein, encoding 107 amino-acid

residues, instead of the wt 96-amino acid form of km23 (Table 1). The expression of this

altered form of km23 has been confirmed in 293T cells (data not shown).

No similar alterations in km23 were detectable in normal tissues. We also

analyzed 12 normal ovarian samples, as well as 3 tumor-free stroma samples (procured from

cases 8, 9, and 11 by LCM), using the nested PCR strategy. In all 15 normal samples, the

km23 sequence was not changed. Our findings demonstrate a statistically significant

difference in the km23 alteration rate between cancer and non-cancer groups (42.1% vs 0%;

p <0.005, Fisher's exact test, Table 2).

The truncated and elongated forms of km23 displayed a reduced interaction

between km23 and DIC. In order to examine whether the altered forms of km23 could still

interact with DIC, we performed GST-pull-down assays using bacterially expressed GST

fusion proteins of the km23 mutant forms. Total lysates from MDCK cells were incubated

with the purified GST-fusion proteins, and DIC was detected by SDS-PAGE and

10



immunoblotting after the pull-down assays. As shown in Fig. 2A, the binding capability of

GST-truncated km23 to the DIC was significantly reduced compared with the GST-wt km23.

The km23 interaction with DIC was also diminished when the elongated form of km23 was

used in the same assay (Fig. 2B).

Elongated km23 dose-dependently inhibits Smad2-dependent transcription in

TGF-Alactivin reporter assays. Since our recent studies showed that blockade of

endogenous km23 by small interfering RNA blocked the nuclear translocation of Smad2, and

also inhibited Smad2-dependent ARE promoter transcriptional activation (our unpublished

data), it was of interest to address the effect of km23 alterations on this promoter. To

examine induction of the ARE from the Xenopus Mix.2 gene (20), MvILu cells were

transfected with increasing amounts of either wt km23 or elongated km23, along with the

ARE-luc reporter and FAST1. As shown in Fig.3, compared with wt km23, the elongated

form of km23 inhibited both basal and TGFO3-stimulated ARE-luc reporter activity in a dose-

dependent manner.
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Discussion

Our data reveal a truncated form of km23, missing exon 3 of km23, in two ovarian

cancer cell lines (SK-OV-3 and IGROV-1), both of which are resistant to TGFP3 (21, 22). The

same truncated form of km23 was detected in two out of nineteen ovarian cancer patients.

Among the four exons of km23, the third exon is the longest, encoding amino acid residues

27-81 of km23. As predicted by PhosphoBase v. 2.0 and NetPhos 2.0 (18), this region

contains potential phosphorylation sites for protein kinase A (PKA), protein kinase C (PKC)

and/or casein kinase II (CKII) (Fig.4). The loss of potential phosphorylation sites when exon

3 is missing may result in a disruption of signal transduction. Furthermore, secondary

structure predictions using Jnet (19) indicated that km23 contains two a-helices, one located

at the N-terminus (residues 2-13) and another in the central portion of the protein (residues

37-56) (Fig.4, black bars). The second a-helix and four 1-strands (Fig.4, gray bars) were

removed in the truncated form of km23, indicating that exon 3 may be essential for km23's

functions.

In Drosophila, a deletion mutant of km23/robl, which lacks portions of intron 2 and exon

3, displays mitotic defects (14). This alteration is similar to the truncated form of km23 we

identified in ovarian tumor cell lines and cancer patients. The mitotic index of the mutant

Drosophila hemizygotes is about five times that of the wild type (14). In addition, the

km23/robl mutant homozygotes cannot be fully rescued by the genomic or cDNA rescue

constructs, suggesting that this mutation can act in a dominant fashion to inhibit the action of

wild-type km23/robl (14). Here we have shown that the truncated form of km23 resulted in a

reduced interaction with DIC. Since it is believed that DLC binding to the DIC is required for

appropriate movement of cargo along MTs intracellularly (23), this defect would be expected

12



to result in altered intracellular trafficking and accumulations of cargos in an aberrant

manner. This is precisely what was observed with this mutant in Drosophila, consistent with

our data for this truncated form of human km23. Thus, we expect that the truncated form of

km23 may play an important role in the formation or progression of ovarian and other types

of tumors.

Two mutations in km23 that may be important are those at positions 55 and 56 (S55G,

T56S). As mentioned above, there are potential PKA, PKC, and/or CKII phosphorylated

sites in km23 (Fig.4). Among them, the threonine at the 56th amino-acid residue spans a

predicted phosphorylation site for PKA, PKC and CKII. Mutation of this site may result in

disruption of signals transduced by these kinases. Further, we have reported that km23 is

phosphorylated primarily on serines after activation of TGFP3 receptors (11). There are 4

serine residues in km23 that are conserved among the mammalian forms (boxed in Fig.4).

Among these, three are located in exon 3, including Ser55, which was found to be mutated in

one of the ovarian carcinomas. Thus, this site and/or the other two in exon 3 may be

potential phosphorylation sites modified by TGFP.

Of the five missense mutations identified, the stop codon mutation appeared to be the

most interesting. Not only has this same mutation been detected in two patients, but it also

results in decreased binding DIC, with a resulting inhibition of Smad2-dependent ARE

transcriptional activation induced by TGFP3. These findings are in keeping with our current

model for km23 function. According to our model, km23 is phosphorylated by the active

TGFI3 receptor complex, thereby resulting in DIC recruitment to the rest of the motor

complex. This complex transports membrane vesicles containing TGFP signaling

components, such as Smad2, along the microtubules to a new vesicular compartment. After

reaching the new compartment, the signaling components such as Smad2 can be

translocated to the nucleus for transcriptional regulation of target genes. Thus, it would be

13



expected that altered intracellular transport of Smad2 would result in reduced Smad2-

dependent transcriptional activity.

As a tumor suppressor, Smad2 has been found to be altered in several types of cancer,

including ovarian cancer (10). In addition, one report demonstrated that loss of Smad2 did

not initiate tumorigenesis by itself, but that this event accelerated the malignant progression

of tumors to invasive cancer in later stages of carcinogenesis (24). As a Smad2 transporter,

km23 would also be expected to function as a mediator of tumor progression when it is

mutated. Future studies will investigate this possibility.
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LEGENDS

Fig. 1. A: Agarose gel analysis of a truncated form of km23 in two out of six human

ovarian cancer cell lines. The bands corresponding to the relevant portions of the wt km23

(424 base pairs) and the truncated form of km23 (254 base pairs) in SK-OV-3 and IGROV-1

cells are indicated by arrows. B: Detection of the truncated form of km23 in two out of

nineteen ovarian carcinoma tissues. Agarose electrophoresis (2%) of nested RT-PCR

products. Case 3 (Lane 4) and case 8 (Lane 5) express the truncated form of km23, which is

not present in the other 17 tumor samples or in 15 tumor-free tissues. C: Amino acid

sequence alignment of the truncated form of km23 with the wild-type form, indicating

exon and amino acid sequence numbers.

Fig. 2. km23 alterations disrupt binding to the DIC. A: The truncated form of km23

displays a diminished interaction with DIC. Sepharose-bound, bacterially expressed GST

alone (lane 1), GST-truncated km23 (lane 2), and GST-km23 (lane 3) were incubated for 2 h

with MDCK cell lysates. The interacting proteins were analyzed with SDS-PAGE (12%) and

immunoblotted with anti-DIC (top panel). The purified proteins were verified by SDS-

PAGE/Coomassie blue staining (bottom panel). B: The association with DIC is disrupted

by the elongated form of km23. Sepharose-bound, bacterially expressed GST alone (lane

1), GST-km23 (lane 2), and GST-elongated km23 (lane 3) were incubated for 2 h with MDCK

cell lysates. The pull-down proteins were analyzed with SDS-PAGE (12%) and

immunoblotted with anti-DIC (top panel). The purified proteins were verified by SDS-

PAGE/Coomassie blue staining (bottom panel).
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Fig. 3. The elongated form of km23 dose-dependently inhibits Smad2-dependent

transactivation in TGFP/activin reporter assays. Mv1Lu cells were transfected with

increasing amount of either wt km23 or elongated km23 DNA (125ng, 250ng, and 500ng)

along with 200ng ARE-luc and 200ng FAST1. To normalize transfection efficiencies, 200ng

renilla was co-transfected as an internal control. 24 h after transfection, the medium was

replaced with serum-free medium for 1 h, and the cells were incubated in the absence (open

bars) or presence (black bars) of TGF-13 3 (2.5ng/ml) for an additional 18 h. All reporter

assays were performed in triplicate. Results are representative of two experiments.

Fig. 4. Human km23 sequence depicting expected phosphorylation sites and

secondary structure for km23. Potential phosphorylation sites for protein kinase A

(PKA), protein kinase C (PKC), and/or casein kinase II (CKII) were predicted using

PhosphoBase v. 2.0 and NetPhos 2.0 (18). For these sites, prediction scores for serine and

threonine were all over 0.91. Four serine residues that are conserved among the

mammalian km23 forms are boxed. The secondary structure prediction was performed using

the Jnet method (19). The black bars under the protein sequence represent a-helical regions,

while the gray bars depict P-strands. There are two a-helices and six 1-strands in km23.

Among these, the second a-helix and four P-strands are located in exon 3.
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Table 1 Clinical characteristics of 8 ovarian carcinomas with km23 alterations from 19 patients

Case No. Age (yrs.) Histologya Stage/Grade b Mutations

1 58 serous ILIA/2 S55G, 189V
3 51 serous 11B/2 exon 3 missing

4 48 serous ILIA/2 elongated km23
107aa

7 49 serous IC/2 T56S

8 72 serous IIIC/2-3 exon 3 missing

14 57 endometrioid IV/3 elongated km23
107aa

15 47 endometrioid IIA/2 T381

18 57 metastatic ov ca IV/- V90A

a Serous=serous cystadenocarcinoma; endometrioid=endometrioid adenocarcinoma.

b Stage and grade classified according to the criteria standardized by the International
Federation of Gynecology and Obstetrics (FIGO). "-" not available.



Table 2 Comparison of km23 alteration rate between
ovarian carcinoma and normal ovarian tissues

Normal Ovarian carcinoma
ovarian tissues tissues

Alteration 0 8

No Alteration 15 11
Total 15 19
Alteration rate 0% 42.1%a

a Statistical calculation using Fisher's exact test demonstrated
a significant difference in the km23 alteration rate between
ovarian carcinoma and normal ovarian tissues, p<0.005.
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Fig. 2 A
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